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K W eb depth.
d Stiffener depth
W eb thickness.
A Cross-section of the plate-stiffener combination.
AP Cross-section o f the plating.
A s Cross-section of the stiffener.
yn Position of the neutral axis of the combined cross-section from the far surface of 
the plating.
L Length of the unsupported span
I Moment of inertia o f the combined cross-section.
r Radius of gyration of the combined cross-section.
A. Stiffener initial distortion.
Ach- Upward column initial distortion.
V Downward column initial distortion.
80 Plate initial deformation.
Term representing magnitude of residual stress and initial distortion.
A
a Stiffener to plate area ratio ( a  = )
w Flexural deformation.
u Extensional deformation.
{5} Column matrix o f incremental nodal displacements.
(R) Column matrix representing applied loads.
[Kg] Geometrical stiffness matrix representing the destabilising influence of axial forces 
in frame elements.
[K] Stiffness matrix representing the axial and flexural stiffness of frame elements.
W eb slenderness.
Non-dimensional plate initial distortion ( K =
Non-dimensional stiffener initial distortion( W
Eccentricity o f the applied load.
Tripping correction factor.
Stiffener initial distortion correction factor. 
Stiffener to plate area ratio correction factor. 
Yield stress o f the plating.
Yield stress of the stiffener.
Combined yield stress :
Yield strain.
Euler critical buckling stress.
Young modulus.
Compressive residual stress in the plating. 
Plate slenderness :
Average ultimate stress.
Strain corresponding to ultimate stress. 








E' Non-dimensional post-ultimate tangentional stiffness.
O r Non-dimensional residual strength.
Non-dimensional strain corresponding to residual strength. 
vf/ s Non-dimensional strain at which the panel starts to exhibit loss of stiffness, 
k Factor defined as k= *F/*F
f Approximated function.
Pj Assumed polynomials for the approximation, 
aj Numerical coefficients
MP Num ber of assumed polynomials
N Num ber o f sets of data.
(pk Current cumulative curvature of the hull cross-section.
A(pk Current incremental curvature
Current cumulative strain of the i*  component of the hull cross-section.
Aeik Current incremental strain of the i^  component of the hull cross-section.
Current cumulative stress of the i*  component of the hull cross-section.
A a ik Current incremental stress of the Ith component of the hull cross-section.
Aj The area of the i*  component of the hull cross-section.
Zi Distance from the centroid of the i*  component to the base axis.
Distance from the instantinious neutral axis o f the hull cross-section to the base 
axis.
(E I)^  Current rigidity of the hull cross-section.
M k Current cumulative vertical moment o f the hull girder.
AMk Current incremental vertical moment of the hull girder.
M P Fully plastic vertical moment of the hull girder.
Mu Ultimate longitudinal moment.
NE Num ber o f elements of the hull cross-section
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Summary
T h e  a im  o f  the r e s ea rch  w ork  p resen ted  in th is  the s i s  is to d e v e lo p  
ana ly t ica l  e q u a t io n s  fo r  app rox im ate ly  m o d e l l in g  the co l lapse  s t rength  and 
p o s t - u l t i m a t e  b e h a v i o u r  o f  lo n g i tu d in a l ly  s t i f f e n e d  p la te  p a n e l s  u n d e r  
c o m p re s s iv e  loads .  U s in g  a param etr ic  ana lys is ,  ca r r i ed  out  w i th  the aid 
o f  a f ini te e l e m e n t  p ro g ram ,  a s impl if ied  des ign  ap p ro a c h  is de r ived  w hich  
in c lu d e s  the e f f ec t s  o f  g e o m e t r ic a l  and  m a te r ia l  p a r a m e te r s  ( inc lud ing  
fab r ica t ion  factors) .  A n o t h e r  purpose  o f  the thesi s  is to d e m o n s t r a te  the 
c lo se  co r re l a t i o n  tha t  e x i s t s  b e t w e e n  the  b o x  g i r d e r  s t r e n g th  and  the 
m a x i m u m  lo a d  c a p a c i t y  o f  its c o m p o n e n t s .  In o r d e r  to re f ine  this to 
d e te rm in e  the co l lapse  m o m e n t  o f  a ships hull  g irder ,  the loa d -sho r te n ing  
cu rves  need  to be e s tab l i sh ed  for  pane ls  fo rm in g  par ts  o f  the c ross -sec t ion  
so tha t  p o s t -b u c k l in g  p ro p ag a t io n  th rough  the w h o le  c ro s s - sec t io n  can  be 
a l lo w ed  for. C o r re la t io n  with  box -g i rde r  and  w i th  ta n k e r  b e n d in g  results 
is p rov ided .
C h a p t e r  1 p r e s e n t s  a  l i t e ra tu re  r e v i e w  an d  t h e o r y  r e l a t e d  to the 
s tabil i ty o f  uns t i f f ene d  and  st iffened panel s  u n d e r  un i -ax ia l  com press ion .
C h ap te r  2 ou tl ines  the m a in  features  o f  the f in i te  e l e m e n t  p ro g ra m  [281 
with  the b e a m - c o lu m n  app ro ac h  used dur ing  this w o rk  in o rd e r  to a l low  a 
p a ra m e t r i c  ana ly s i s  for  the s t reng th  o f  l o n g i tu d in a l ly  s t i f fened  pane l s  to 
be car r ied  out.
In chap te r  3 ,  in o rd e r  to inves t iga te  the e f fec ts  o f  the g e o m e t r i c a l  and 
m a t e r i a l  p a r a m e t e r s ,  a p a r a m e t r i c  s tudy  fo r  the  s t r e n g th  o f  s t i f f en e d  
p a n e l s  s u b je c t e d  to ax ia l  c o m p re s s io n  is c a r r i e d  ou t .  T h e  an a ly s i s  is 
b a s e d  on  the resul ts  o f  a num er ica l  m e thod .  P a ra m e te r s  found  to have  a 
c o n s id e ra b le  e f fec t  on  the  st rength and pos t -u l t im a te  s t reng th  o f  the panel ,  
w e r e  p la te  s l e n d e r n e s s ,  c o l u m n  s l e n d e rn e ss ,  p la te  r e s id u a l  s tr ess  and  
in i t ial  d i s to r t ion  a n d  s t i f f ene r  to pla te  a rea  ra t io .  O f  less s ig n i f i c a n c e  
w ere  the ef fec ts  o f  s t i f fene r  res idua l  s tress and  ini t ial  d is tor t ion .
- i -
C h a p te r  4 con ta in s  the descr ip t ion  o f  an  a p p ro x im a te  co l lapse  m o d e l  in 
t e r m s  o f  the  g e o m e t r i c a l  and  m a te r i a l  p a r a m e t e r s ,  d e v e l o p e d  u s ing  a 
p a r a m e t r i c  a n a ly s i s  de r ived  wi th  the  a id  o f  a f in i te  e l e m e n t  c o m p u t e r  
p ro g ra m .
A n a l y t i c a l  e x p r e s s io n s  desc r ib ing  the  c o l l a p s e  o f  s t i f f e n e d  p la te s ,  
c o v e r i n g  pre-  a n d  pos t -u l t im a te  s t reng th  b e h a v i o u r  and  accoun t ing  for  all 
s t i f f ene d  p a n e l  p a ram e te r s ,  are der ived  u s in g  the result s  o f  the param etr ic  
ana ly s i s .
In c h a p t e r  5  the  resu lt s  o b ta in e d  u s in g  the a p p r o x i m a t e  m o d e l  are 
c o m p a r e d  w i th  e x i s t in g  te st  result s  a n d  w i th  n u m e r i c a l  results .  T h e  
p r e s e n t  a p p r o a c h  s h o w s  good  ag re e m e n t  w i th  these.  A  m e a n  er ror  va lue 
o f  - 1 .7 %  an d  a s tanda rd  dev ia t ion  o f  8 .4 %  w ere  found  f rom c om par i sons  
w i th  75 tests.
C h a p t e r  6 p r e s e n t s  a s im p le  m e t h o d  to  d e r i v e  the  s t r e n g t h  o f  
l o n g i tu d in a l ly  f r a m e d  vesse ls  us ing  the  m o d e l s  d e r ived  in c h a p te r  4 fo r  
the  s t r e n g th  a n d  b e h a v i o u r  o f  the c o m p o n e n t s  used .  T h e  p ro c e d u re  is 
a p p l i e d  to s o m e  long i tud ina l ly  s t i f fened  b o x  g irders  and goo d  ag re e m e n t  
is p r o v i d e d  w i th  tests  and  with n u m e r i c a l  te chn iques .  T h e  results  c lear ly  
s h o w  th e  s t ro n g  co r re la t io n  that  ex i s t s  b e t w e e n  the hu ll  g i rder  s t r eng th  
an d  those  o f  the c o m p o n e n t s  fo rming  par t  o f  this girder .
F ina l ly ,  c h a p t e r  7 d raw s  som e c o n c l u s i o n s  and  out l ines  fu ture poss ib le  
d e v e l o p m e n t s .  T h e  result s  o f  the w o r k  c a n  be  d i rec t ly  used  in u l t im a te  
s t r e n g th  d es ig n  and  for  in-service a s s e s sm en ts .
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Abstract
A  r e v i e w  o f  p re v io u s  s tud ie s  in s t i f f e n e d  and  u n s t i f f e n e d  p la tes  is 
p r e s e n t e d .  A  n u m e r i c a l  m e th o d  d e v e l o p e d  b y  S m i t h  et  al [28] fo r  the  
a n a ly s i s  o f  s t i f fened  pane ls  u n d e r  un i -ax ia l  lo a d ing  is used.  T he  ana lys i s  
t a k e s  in to  a c c o u n t  b u c k l in g  and  p o s t - b u c k l i n g  b e h a v i o u r  o f  p la te  and  
s t i f f en e r  e l em en t s .  T h e  thesis  con ta in s  a desc r ip t ion  o f  this b e a m - c o lu m n  
a p p r o a c h  w h ich  uses  an ine last ic  n o n - l in e a r  f ini te e l em en t  technique .
A  p a r a m e t r i c  s tudy  w h ich  in c lu d e s  the e f f ec t s  o f  p la te  s l e n d e rn e ss ,  
c o l u m n  s lenderness ,  ini tial d e fo rm a t io n s ,  s t i f f ene r  to pla te a rea  rat io and  
r e s id u a l  s tresses  is car r ied  out.  U s in g  this p a r a m e t r i c  s tudy ,  s im p l i f ied  
a n a ly t i c a l  m o d e l s  fo r  der iv ing  the m a x i m u m  c o m p re s s io n  s t reng ths  and  
p o s t - b u c k l i n g  b e h a v io u r  and s t reng ths  o f  a p r a c t i c a l  r ange  o f  s t i f f ene d  
p a n e l s  are der ived .
T h e  resu lt s  are c o m p a re d  w i th  e x i s t in g  n u m e r i c a l  an d  e x p e r i m e n t a l  
data.
T h i s  m o d e l l i n g  der ived  for  the s t reng th  and  pos t -u l t im a te  b e h a v i o u r  o f  
l o n g i tu d in a l ly  s t i f fened  pane ls ,  u n d e r  u n i - a x i a l  c o m p re s s i o n  lo a d in g ,  is 
u sed  fo r  es t im a t ing  the u l t imate long i tud ina l  ben d in g  strength  o f  s o m e  box  
g i rde rs .
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Introduction:
S t i f f e n e d  p a n e l s  r e p re s e n t  a m a j o r  c o m p o n e n t  o f  m o s t  m a r i n e  s teel  
s t ruc tu re s .  T h e s e  e l em en t s  are d e s ig n e d  to p ro v id e  w a te r t i g h tn e s s  and  
s t reng th .
A n  o p t i m u m  ship s tructura l  d e s ign  requ i res  a ra t iona l  des ign  p ro c e d u re  
w h i c h  is g o v e r n e d  b y  sa fe ty  an d  cos t .  A  safe  s t ruc tu re  is r e l a t e d  to 
ce r t a in  fai lu re  m o d e s  ci ted  as fo l low s :  F rac tu re ,  s tabil i ty and  y ie ld ing .  
F r a c t u r e  is m o r e  c o n c e r n e d  w i th  s t r e n g t h  at  s p e c i f i e d  p o in t s ,  w h i l e  
s tab i l i ty  is an  overa l l  behav iour .
U n l ik e  the elast ic  r e s p o n s e  o f  a  s t ruc tu re ,  the l imit  s tate a n a ly s i s  has  
b e e n  a m o r e  c o m p l ic a te d  ta sk  due  m a in ly  to the n on - l inea r  b e h a v i o u r  o f  
the  m a te r ia l .  H o w e v e r ,  w i th  the a d v e n t  o f  h ig h  speed  d ig i tal  c o m p u te r s ,  
the  u s e  o f  n u m e r i c a l  te chn iques  for  the ana lys i s  o f  the b e h a v i o u r  o f  pla tes  
a nd  s t i f fened  pane l s  u n d e r  ax ia l  load ing  or  c o m b in e d  ax ia l- la te ra l  load ing  
h as  b e c a m e  the subjec t  o f  a  w id e  app l ica t ion  [1] to [121 and  [15] to [24].
N u m e r i c a l  m e t h o d s ,  l ike  f in i te  e l e m e n t  an d  d y n a m i c  r e l a x a t i o n ,  
p r o v i d e d  vi tal  too ls  to ta ck le  the  p la s t i c  a n d  p o s t -u l t im a te  s t r e n g th  o f  
s t i f f ene d  plates,  a cc oun t ing  fo r  ini t ial  im p e r fe c t io n s  and res idua l  w e ld in g  
s t resses .
T h e  hu l l  g i r d e r  is a n  a s s e m b l y  o f  s t ru c tu ra l  e l e m e n t s  w i th  d i f fe ren t  
g e o m e t r i c a l  and  m a te r i a l  c o n f ig u ra t io n s .  U n d e r  load ing  these  e l e m e n t s  
m a y  b e h a v e  d if fe ren tly  and  real is t ic  a s s e s s m e n t  o f  the s truc tura l  r e sponse  
m a y  in vo lve  va r ious  in terac t ions  o f  fa i lure m o d e s .  Th is ,  h o w e v e r ,  is very 
c o m p l i c a t e d  an d  the f in i te  e l e m e n t  m e t h o d  o f  th ree  d i m e n s i o n a l  p la te  
s t r u c t u r e s  p r o v i d e s  the  m o r e  r e a l i s t i c  i d e a l i s a t i o n  o f  a c t u a l  s h ip  
s t r u c t u r e s .  G e n e r a l l y  the  u s e  o f  s u c h  c o m p u t e r  p r o g r a m s  is v e ry  
e x p e n s iv e  and  t i m e -c o n s u m in g ,  the re fo re  f requen t  use  of  such  p ro g ra m s  is 
n o t  e c o n o m i c a l .  It is the p u r p o s e  o f  the p r e s e n t  thes i s  to  p r o p o s e  a 
s im p l i f i e d  ana ly t ica l  ap p ro a c h  for  the p re-  an d  pos t -b u ck l in g  o f  s t i f fened  
p a n e l s  u n d e r  ax ia l  load ing ,  a c c o u n t in g  for  the e f fec t  o f  g e o m e t r i c a l  and  
m a te r ia l  pa ram ete rs .  The  d es ig n  a p p ro a c h  is b a sed  on a p a r a m e t r i c  s tudy  
u s in g  a n o n - l i n e a r  f ini te e l e m e n t  p r o g r a m  and  test results.  T h e  p ro c e d u re  
is u s e d  fo r  the  ana ly s i s  a n d  e v a l u a t i o n  o f  the  lo n g i tu d in a l  s t r e n g th  o f  




1 - 1 U nstiffened Panels:
1 . 1 . 1  In t roduc t ion  and  r e v i e w :
1 . 1  . 1 .  1 T h e o r y :
M a j o r  m ar ine  s truc tures  cons is t  m a in ly  o f  s teel p la ted  s truc tu res  w h ich  
m a y  rep resen t  m o re  than  75% o f  the total  s teel  weight .  Th i s  ind ica te s  the 
im p o r t a n t  role that  the se  e l e m e n t s  p la y  in s t ruc tu ra l  b e h a v io u r .  T h e s e  
c o m p o n e n t s  are c o n n e c te d  by  m e a n s  o f  w e ld in g  to p rov ide  w ate r t igh tness  
a n d  s tr eng th .  A s  fa r  as  the  s t reng th  o f  the s truc tu re  is c o n c e r n e d ,  the 
b e h a v i o u r  o f  the p la t ing  d e p e n d s  u p o n  the type  o f  load ing  and  is rela ted  to 
the p o ss ib le  m o d e s  o f  s t ru c tu ra l  fa i lure .  T h e s e  p la te  e l e m e n t s  b e h a v e  
d i f f e r e n t l y  w i t h  d i f f e r e n t  g e o m e t r i c a l  c o n f i g u r a t i o n s  an d  m a t e r i a l  
pa ram e te rs .
F o r  u n s t i f f e n e d  p la te s ,  v a r io u s  a u th o r s  u s e d  n u m e r i c a l  m e th o d s  to 
p r e d ic t  the  s t reng th  o f  p la te s  u n d e r  c o m p r e s s i v e  loads .  U n l ik e  elas t ic  
an a ly s i s ,  p last ic  a na ly s i s ,  c o l l a p s e  an d  p o s t - b u c k l in g  b e h a v i o u r  requ ire  
the  use  o f  the la rge  d e f l e c t i o n  e l a s to -p la s t i c  the o ry  fo r  the s t reng th  o f  
p la tes  sub jec ted  to in -p lane  c o m p re s s iv e  loads.
Pla te  s t reng th  has  b e e n  the in te res t  o f  var ious  researche rs .  M e thods  
us ing  en e rg y  p r inc ipa ls  [1], Ritz p rocedu re s  [2], f ini te e l e m e n t  ana lys i s  | 3 | ; 
and  f in i te  d if ference  u s ing  d y n a m ic  re laxa t ion  [4], [5] have  p ro v id ed  a good  
k n o w l e d g e  o f  the c o m p l i c a t e d  b e h a v i o u r  o f  p la tes  w i th  ini t ial  de f lec ted  
fo rm s  and  res idual  s tresses.
A n  ex t e n s iv e  l i te ra tu re  ex is t s  re la ted  to the use o f  in c re m e n ta l  f ini te 
e l e m e n t s  for  the ana lys i s  o f  s tabi l i ty and  s trength  o f  pla tes .  R e fe rence  |3I 
c i ted  a n u m b e r  o f  them  f rom  the ear ly  w o rk  re la ted  to the l inea r  buck l ing  
p r o b l e m  to the  g e o m e t r i c  a n d  m a t e r i a l  n o n - l i n e a r i t y  a d o p t i n g  an 
in c re m e n ta l  p ro c e d u re  in a m o d i f i e d  N e w t o n - R a p h s o n  ap p ro ac h .  For  the
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a n a l y s i s  o f  l a rg e  e l a s t o - p l a s t i c  d e f l e c t i o n s  C r i s f i e l d  [31 u s e d  a f ini te  
e l e m e n t  m e thod .  In th is  w o rk  he  o u t l in ed  tw o  a p p r o a c h e s  to a l lo w  for  
p last ic i ty :  "vo lum e  app ro ac h "  us ing  the V o n -M is e s  c r i t e r ia  and  the "area  
app ro ac h "  us ing  I l lu sh in  cri ter ia .
P a r a m e t r i c  s tu d ie s  [5], [6], [7] a n d  [8] u s in g  th e s e  p r o g r a m s  y ie ld e d  
va luab le  des ign  cu rv es  ( l ike those p re sen te d  in re fe rences  [28] and  [30] and 
r e p r o d u c e d  in F igs .  1.1 an d  1 .2 ), i n t r o d u c i n g  the  c o n c e p t  o f  s t r en g th  
b e y o n d  co l lapse  a n d  c o v e r i n g  a p r a c t i c a l  r ange  o f  p la te  s le n d e rn e s s e s ,  
ini t ial  d is tor t ions  and  r e s idua l  s tresses.  In te rpo la t ion  s im i la r  to the on e  in 
r e f e r e n c e  [9] m a y  be  u s e d  fo r  d e t e r m i n i n g  the  m a g n i t u d e  o f  s t r en g th  
p a ram e te r s  for  d i f fe ren t  des ign  values.
1 . 1 . 1 .  2 T e s t s :
Tes t s  o f  pla tes  h a v e  o f ten  en co u n te red  the p r o b le m  o f  c rea t in g  real is t ic  
b o u n d a r y  cond i t ions  at  the  un lo a d ed  edges .  A l th o u g h  e n o r m o u s  ef fort  has 
b e e n  g iv e n  to th i s ,  v a r i o u s  t e s t s  d id  n o t  s u c c e e d  in o f f e r i n g  the 
appropr ia te  b o u n d a ry  res traints ,  as n o te d  by  D a v id s o n  [10]. R ac t l i f fe  |12] 
used  a " f inger  s y s tem "  w h ich  served  to test  pla tes  for  s im p ly  and  c l a m p e d  
e d g e s  an d  w h ich  w e r e  f ree  to pul l  in, this h o w e v e r  r eq u i re s  c o n s id e r a b le  
care  fo r  the p re p a ra t io n  o f  the pla te  edge .  E d g e  p re p a ra t io n  w as  avo ided  
by  M o x h a m ’s r ig [13] fo r  te s t ing  p la te s  o f  u n i f o r m  th ickness .  B rad f ie ld  
[14] used  M o x h a m 's  r ig  to test  p la tes  o f  v a ry ing  th ickness .  A  su rv ey  of  
the results  o f  repu ta b le  test  da ta  is p ro v id e d  in re fe renc e  [31]
1 . 1 . 2  B uck l ing  o f  Pla te  e lem ents :
T h e  co l lapse  o f  p la tes  u n d e r  in -p lane  loads  is in f lu en ced  by:
1. P la te  s lenderness  ( the w id th  to th ickness  rat io  b/t ).
2. T y p e  o f  loading .
3. A sp e c t  rat io  ( the le ng th  to w id th  rat io a/b  ).
4. E d g e  res tra in t .
5. R e s id u a l  s tresses.
6. Ini t ial  d e fo rm a t ions .
F o r  a square  p la te  u n d e r  un i-ax ia l  c o m p re s s io n  s im p ly  su p p o r ted  at the
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l oa ded  edges  an d  free to pull  in at the un loaded  ed g es ,  the  b u c k l in g  m ode  
s how s  three  d if fe ren t  behav iours  depend ing  on  the pla te  s lenderness :
1 • S le n d e r  p la tes  (  {3 > 2.4 say  ^ :
T h e  ana ly s i s  o f  such  pla tes  revea ls  tha t  the p la te  b u c k le s  e las t ica l ly  
b eca u se  the th e o re t i c a l  b u c k l in g  stress is w ell  b e l o w  the y ie ld  stress o f  
the  m a te r i a l  a n d  a l so  b e l o w  the co l lapse  s tress .  In c o n s e q u e n c e ,  the 
m id d le  reg ion  o f  the  pla te m o v e s  aw ay  f rom the ax ial  s ho r ten ing  im posed  
by  the load.  As  a result ,  a g rea ter  port ion  o f  the load  m u s t  be  ca r r ied  by 
the sides o f  the  pla te.  This  causes  a n o n -u n i fo rm i ty  in the d is tr ibu tion  o f  
the c o m p re s s iv e  s tr esses  in the pla t ing,  but  the p la te  is still ab le  to carry 
fu r the r  load and  n o  co l lapse  has  yet  occurred .  T h e  overa l l  ax ial  s t i ffness 
is r e d u c e d  as du e  to the de f lec ted  shape  o f  the b u c k l e d  por t ion .  As the 
l o a d  is i n c r e a s e d  fu r th e r ,  the s h i rk in g  o f  l o a d  in the  m i d d l e  r eg ion  
b e c o m e s  s ign i f ican t  and  the m a x i m u m  stress at  the e d g e s  increases  unti l it 
r e a c h e s  the y ie ld  stress.  O b se rv a t io n s  s how  tha t  at th is  p o in t  the plate 
e l e m e n t s  reach  the ir  m a x i m u m  va lue  refer red to as "p la te s trength".
2 .  M o d e ra te  s l e n d e rn e s s :
T h e  b u c k l in g  s tress  in this case  (1.4 < (3 < 2 .4  say) is near ly  equa l  to 
the y ie ld  stress.  S u c h  pla tes  reveal  that an inc rease  in load g ives  rise to a 
m a g n i f i c a t i o n  o f  the  in i t ia l  d i s to r t ion  r e s u l t in g  in s o m e  re d u c t io n  in 
s t i f fness  and  s o m e  loca l  y ie ld in g  an d  the s t ress  is no  l o n g e r  un i fo rm .  
A n a ly s e s  s h o w  tha t  co l lapse  occu r s  w h e n  the  a v e r a g e  e q u i v a l e n t  s tress 
e s t i m a t e d  by  the  H e n c k y - v o n  M ises  c r i t e r ion  r eac h es  y ie ld  stress .  The  
b e h a v io u r  o f  the p la t ing  does  not  p resen t  n o t i ceab le  p r e l i m i n a ry  buck l ing  
a n d  the  m a x i m u m  s t r e n g th  is f o l l o w e d  by a s h a r p  r e d u c t io n  in load 
ca r ry ing  capac i ty .
3 .  S tocky  p l a t e s :
T h e  e la s t ic  b u c k l in g  stress is ve ry  h igh ,  in i t ia l  d i s to r t io n  is s m a l le r  
re la t ive  to the th i c k n e s s  and  its m a g n i f i c a t io n  c a u s e d  by  in c re as in g  the 
load  is less  s ign i f ican t .  H e n c e  these  pla tes  can  c a r ry  fu r th e r  inc re ase  of  
load  to near ly  e q u a l  to the squash  load.  A na lys is  ind ica tes  that  there  is no
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a p p a r e n t  w a rn in g  b e fo re  the co l lapse .  H o w e v e r ,  af te r  the m a x i m u m  load 
is r e a c h e d ,  the lo a d  ca r ry ing  capac i ty  r e m a in s  ap p ro x im a te ly  co n s tan t  up  
to 28^  ( w h e re  is the y ie ld  strain ).
1 . 1 .  2 . 1 E f fec t  o f  ma te r ia l  and geom etr ica l  p a r a m e te r s :
A  fu l l e r  d i s c u s s io n  o f  the sub jec t  a p p e a r s  r ece n t ly  in re fe ren c es  [64]
and  [64].
1 . 1 . 2 . 1 . 1  R es id u a l  s t r e s s :
R e s i d u a l  s t re sses  c a u s e  s o m e  r e d u c t io n  o f  c o m p re s s iv e  s t reng th  and 
s t i f f n e s s  o v e r  the  r a n g e  o f  s tr a in  (<^y— <Jr ) /E  to 2e  T h e y  acce le ra te
y ie ld ing ,  c a u s e  g rea te r  sho r ten ing  and  gene ra l ly  r e m o v e  the sharp  drop  in 
load  b e y o n d  the  peak .
1 . 1 . 2 . 1 . 2  In i t ia l  d i s t o r t i o n :
In i t i a l  d i s to r t io n  g en e ra l ly  h a v e  less e f f e c t  o n  s t reng th  and  st i ffness 
th a n  d o  r e s id u a l  s t re s ses  u n le s s  the in i t ia l  d i s to r t io n s  co in c id e  with  the 
lo w e s t  b u c k l in g  m ode .  T h e y  reduce  the s t reng th  and  change  the pat tern o f  
b e h a v i o u r  to a  m o r e  g radua l  p rocess  w i th  a less  severe  pos t -co l lapse  load 
r e d u c t i o n .  T h i s  e f f e c t  is m o r e  p r o n o u n c e d  f o r  m o d e r a t e  p la te
s l e n d e rn e s s e s  (1 .4  < (3 < 2.4 ).
1 . 1 . 2  . 1 .  3 B o u n d a ry  c o n d i t io n s :
T h e  lo a d e d  e dges  are a s s u m e d  to be  s im p l y  s u p p o r te d  in m o s t  o f  the 
an a ly se s  u n d e r t a k e n  fo r  pla te  e l em en t s  in c o m p re s s io n ,  beca u se  sti ffeners 
g en e ra l ly  o f fe r  on ly  low  to rs iona l  res tra in t  on  the p la te  edges.
F o r  s teel  p la tes  o f  lo w  or m e d iu m  b/t,  c o n c e r n in g  fai lure stress,  it has 
b e e n  f o u n d  [3], [7] tha t  the  d i f f e r e n c e  b e t w e e n  the  c o n d i t io n  w h e re  the 
u n l o a d e d  e d g e s  are  f ree  to  def lec t  in -p lane  a n d  those  w h e re  th ey  remain  
s t r a ig h t  is n e g l ig ib l e .  P la tes  w i th  b / t  o f  80,  h a d  these  d i f f e r e n c e  no 
g rea te r  tha n  5%  fo r  e x a m p le .
1 . 1 . 2 . 1 . 4  P la te  aspec t  rat io ( a / b ) :
T h e  m i n i m u m  cri t ical  stress occurs  w h en  the n u m b e r  o f  buck led  ha l f  
w a v e s  a l o n g  the  l e n g th  o f  the  p la te  is e q u a l  to (a/b) .  T h e  cri t ica l  
a s p e c t  r a t i o  i n t o  w h i c h  p r a c t i c a l  p l a t e s  b u c k l e  d e p e n d s  on  the
m a g n i tu d e  o f  the ini t ial  d e fo rm a t ion  as well  as the pla te  s lenderness  [4], 
R e s u l t s  on  the  s t reng th  o f  p la tes ,  fo r  a s p ec t  rat ios  c lo se  to un i ty  are 
fo u n d  to vary  on ly  w i th in  1 or  2%  [7].
1 . 2  Stiffened P a n e ls :
1 . 2 . 1  In t roduc t ion  and  r e v i e w :
A  real is t i c  a s s e s s m e n t  o f  s t i f fened  p a n e l  s trength can  on ly  be m a d e  if 
a c c o u n t  is t a k e n  o f  p la s t i c  f low ,  in i t i a l  g e o m e t r i c  i m p e r f e c t i o n s  an d  
r e s id u a l  s tresses  in add i t ion  to p la te  a n d  c o l u m n  s lendernesses .
T h e  p r o b le m  o f  p o s t -b u c k l in g  b e h a v i o u r  and u l t im a te  lo ad ing  m u s t  o f  
c o u r s e  be  c lo se ly  re la ted  to the u l t im a te  ca r ry ing  capa c i ty  o f  the var ious  
p la te  e l e m e n t s  b e t w e e n  s t i f fene rs  a n d  w i th  the q u e s t i o n  o f  the e f f ec t ive  
p la te  w id th  o f  the  s t i f fene r -p la te  c o l u m n  cross -  sec t ion.  T h e  app l ica t ion  
o f  l a rg e  d e f l e c t i o n  the o r ie s ,  fo r  i n s t a n c e  b y  M a r g u e r r e  an d  L e v y ,  w ere  
c o n s i d e r e d  in i t i a l ly  fo r  p la te  e l e m e n t  e f f e c t iv e n e s s  bu t  a  m o r e  r e ce n t  
r e v ie w  has  b e e n  m a d e  by  F au lkne r  [31].
In r e f e r e n c e  [26] the  a u th o r s  u s e d  a f in i te  e l e m e n t  f o r m u l a t i o n  to 
p r e d i c t  the s t r e n g th  o f  p e r f e c t  a n d  in i t i a l ly  d e f l e c te d  s t i f f e n e d  p a n e l s  
u n d e r  ax ia l  loa d ing .  S in g le  span  an d  tw o  span  b e a m - c o l u m n  an a ly se s  
w e re  in t ro d u ced .  C r is f ie ld  [27] p r e s e n t e d  a f ini te  e l e m e n t  m o d e l l i n g  for  
the  p re -  and  p o s t -b u c k l in g  s t reng th  o f  s t i f fened  panels  and  po in ted  to the 
u se  o f  loca l  ( f in i te  e l e m e n t )  d i s p l a c e m e n t  f unc t ions  r a th e r  than  g loba l  
f u n c t io n s .  T h e  m e t h o d  has  b e e n  a p p l i e d  to the co l l a p s e  o f  b o x - g i r d e r  
b r idges .
1 . 2 . 2  Tes ts:
D u r in g  test  e x p e r im e n t s  s o m e  po in t s  sh o u ld  be  cons ide red :
1. Rea l is t i c  b o u n d a r y  condi t ions .
2. E ccen t r ic i ty  o f  axial  app l ied  load.
3. G r i l l age  o f  var ious  spans.
4. S u r v e y  o f  ini t ia l  d i s to r t io n s  an d  m e a s u r e m e n t  o f  r e s id u a l  
s tresses  du r ing  the p rocess  o f  weld ing .
5. C o n t ro l  o f  app l ied  load.
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A t M a n c h e s te r  [59], [60] tests were  c o n d u c te d  to inves t iga te  the in f luence  
o f  a n u m b e r  o f  d i f f e re n t  p a r a m e te r s ,  fo r  in s t a n c e ,  f l e x u ra l  b o u n d a r y  
c o n s t r a in t  at the loaded  edges ,  ini t ial  d is to r t ions ,  the  use o f  in te rm i t ten t  
w e ld s  and  the eccen t r ic i ty  o f  app l ied  loading .  T h e  pane ls  w e re  o f  s ingle 
s p a n  and  w ere  free on the u n lo a d e d  edges .  T h e  m a jo r i ty  o f  the st i ffeners  
w e r e  f lat  ba rs ,  c o n t in u o u s  and  in te rm i t ten t  w e ld in g  w ere  used .  T h e  tests 
in c lu d e d  b o th  f ixed  ends  and  p in n e d  ends .  T h e  fa i lu re  o f  these  m o d e l s  
g e n e ra l ly  o c c u r r e d  to w a rd s  the s t i f fene rs  w i th  l i t t le  o r  no  e v i d e n c e  o f  
s t i f fene r  t r ipping.
At  Im p e r i a l  College  tests  ( re ference  [34]) w e re  ca r r i ed  out  on  st i f fened  
pane l s  s u p p o r te d  la teral ly along  all s ides.  T h e  s t i f fene rs  were  o f  an angle  
c ro s s - sec t io n  an d  were w e ld ed  c o n t in u o u s ly  to the plat ing .
A t  the  R o y a l  N av a l  C o l l ege ,  G r e e n w ic h  [65], 65  m o d e l s  o f  s ing le  bay  
c o n s t r u c t i o n  w e re  tes ted .  T h e  p a n e l s  w e re  s im p l y  s u p p o r t e d  on  the 
u n lo a d e d  e dges  and  free to def lec t  ou t  o f  plane  on the lo aded  edges .  M ost  
o f  the  m o d e l s  w ere  s t i f f en e d  b y  tee  s e c t i o n  g i rd e r s ,  the res t  h a v i n g  
s t i f feners  o f  flat c ross -sec t ion .  All  s t i f fene rs  w ere  w e ld e d  co n t in u o u s ly  to 
the p la t ing .
1 . 2 . 3  Sti f fened  pla te  mode l :
1 . 2 . 3 . 1  In t roduc t ion
T h e  e a r ly  w o rk  ca r r i ed  ou t  at L e h i g h  u n iv e r s i ty  by  O s t a p e n k o  and  
Lee[25] on  te s t ing  lo ng i tud ina l ly  s t i f fened  p la te  pa n e l s  (w h ic h  w e re  pin-  
e n d e d  no t  su p p o r ted  at s ides and  the end  d i s p la c e m e n t  was  co n s ta n t  ove r  
the  p a n e l  w id th )  s u b je c t e d  to the  c o m b i n e d  a c t io n  o f  u n i f o r m  la te ral  
load ing  and  axial  c o m p re ss io n  y ie lded  the fo l low ing  conc lus ions :
(a)  T h e  pane l  behaved  as a b e a m -c o lu m n .
(b) T h e  s t rength  o f  the panels  w as  g o v e rn e d  b y  the s t reng th  o f  the 
p la te .
(c)  T h e  ax ia l  pla te  s t reng th  w as  no t  m a te r i a l ly  a f f ec ted  by  latera l  
loading .
T h e  tw o  first po in ts  are m o s t  im p o r ta n t  as fa r  as the s t reng th  o f  the
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pane l s  u n d e r  co m p re ss iv e  load  is conce rned .  Poin t  (a) ind ica te s  the use of  
a  b e a m - c o l u m n  m o d e l l i n g  o f  the  p l a t e - s t i f f e n e r  c o m b i n a t i o n  fo r  the 
ana lys i s  o f  s t i f fened panels ,  po in t  (b) a l low s  the im p o r ta n c e  o f  the effect  
o f  p la te  buck l ing  and s t reng th  on the b e h a v i o u r  o f  the s t i f fened  pane l  and 
the r e q u i r e m e n t  for  da ta  f rom  test ing  p la tes  an d  f rom  pla te  ana lyses .
1 . 2 . 3 . 2  B eam -co lum n  a p p r o a c h :
T h e  long i tud ina l ly  s t i f fened  pane ls  b e t w e e n  t ransversa l s  are t rea ted  as 
a  series  o f  b e a m -c o lu m n s  fo rm e d  by the s t i f fener  w ith  an a ssoc ia ted  width 
o f  pla tes .  O n e  a p p ro a c h  is to a s s u m e  tha t  the pla te w id th  is equa l  to the 
s t i f f en e r  spac ing ,  and  a l lo w  fo r  p la te  b u c k l in g  ef fect s  by  co n s id e r in g  the 
l imi t ing  stress in the p la te  as those p red ic ted  by a buck l ing  ana lys i s  o f  the 
p la te  panel .  A n  a l te rna t ive  a p p ro ac h  is to a s s u m e  an e f fec t ive  pla te width 
e i t h e r  d e r i v e d  by  t h e o r e t i c a l  a n a l y s e s  o r  by  u s in g  s e m i - e m p i r i c a l  
f o rm u l a e  and  to l imit  the m a x i m u m  stress to  yield.
F o r  the  a n a ly s i s ,  the  s t i f f e n e d  p l a t e  c a n  be  m o d e l l e d  as a o n e ­
d im e n s io n a l  b e a m - c o lu m n  (Fig.  2 .1 ) . T h e  p la te  is c o n s id e r e d  as one  unit 
a n d  the  loss  o f  s t i f fness  c a n  be  i n t r o d u c e d  u s ing  n u m e r i c a l  resu lt s  of  
p re v io u s  ana lyses  [5], [6], [7]. T h e  l e n g th  o f  the c o l u m n  is d iv id e d  into 
s e v e r a l  e l e m e n t s  an d  the  s t i f f e n e r  is a l so  d iv i d e d  into laye rs  o v e r  the 
d ep th  (Fig.  2 .1 ) .
T h e  m o d e  o f  fai lure t rea ted  is p la te  o r  s t i f fene r  induced  fa i lure caused  
by  an  in te rac t io n  o f  o v e ra l l  c o l u m n  an d  loca l  p la te  b u ck l in g .  Res idua l  
s t re sses  in the s t i f fener  c an  be  in c lu d e d  as w e l l  as the ini t ial  d is tor t ion .  
F in i t e  d if fe rence  us ing  D y n a m i c  re la xa t ion  [4], [52] or  f ini te e l e m e n t  (26], [27], 
[38] are the  tools  u s e d  to d e s c r ib e  the c o m p l e x  e las to -p las t ic  b e h a v i o u r  of  
the  b e a m - c o l u m n .  T h e  m e t h o d s  in c lu d e  the  e f f ec t s  o f  g e o m e t r i c a l ,  
m a te r i a l  an d  f ab r ic a t io n  p a r a m e te r s  a n d  e x te n d  to the u n l o a d i n g  path.  
T w o  a p p ro a c h e s  w e re  used :  one  is to use  a full e f fec t ive  w id th  equal  to 
the s t i f fene rs  s p ac in g  and  l im i t  the s t ress  to  the u l t im a te  stress  o f  the 
p la t ing  e s t im a ted  by  o th e r  n u m e r i c a l  ana lys i s ,  the o the r  ap p ro a c h  is to use 
an  e f f ec t ive  w id th  d e r iv e d  by  e m p i r i c a l  o r  s e m i - e m p i r i c a l  fo rm u la e  and
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l imi t  the m a x i m u m  stress to the y ie ld  stress.
1 - 2 . 4  Effec t  o f  s t i f fened panel  param ete rs  
1 .  2 . 4 . 1  Plate s lenderness :
L o w  c o l u m n  s l e n d e rn e s s  s t i f fened  p ane l s  co l l a p s e  is m a i n l y  due  to 
y i e ld in g  o f  s t i f f en e r  m a te r i a l  or  b u c k l in g  o f  the p la te .  F o r  p a r t i c u la r  
va lues  o f  ( X ) ,  in c re a s in g  the pla te s lenderness  ( p )  results  in a s ign if ican t  
d rop  in load -ca r ry ing  capacity .  Increas ing  ( X ) ch an g e s  the do m in a n t  m ode  
o f  fa i lure  f rom one  o f  y ie ld ing  or  p la te  b u ck l in g  to one  o f  overal l  c o lu m n  
b u c k l in g  and then the ef fec t  o f  plate s lenderness  (p )  is r educed .
1 .  2 . 4 . 2 Init ial  p la te  defo rm at ion :
Ini t ial  pla te d e f o r m a t io n  reduces  the s t reng th  an d  c h a n g e s  the pa t te rn  
b e h a v i o u r  to a m o re  g radua l  p rocess  w i th  a less seve re  pos t -co l lapse  load- 
reduc t ion .  Th is  e f fec t  is m o r e  p r o n o u n c e d  for  m o d e ra t e  p la te  s lenderness  
as d e f in e d  ear l ie r  w h e re  the yie ld  stress (<7y) is n ea r ly  e q u a l  to the pla te 
cr i t ica l  buck l ing  stress (<7c r ).
1 . 2 . 4 . 3  C o m p re s s iv e  res idua l  s tresses:
Res idua l  s tresses  c a u s e  s o m e  re d u c t io n  o f  c o m p re s s i v e  s t reng th  and 
s t i f fness  o v e r  a range  o f  s train  f ro m  ( c t y - a p / E  to 2 e ^  as d e s c r ib e d  in
1.1.2. Th is  a l low s  for  m o r e  load  r ed is t r ibu t ion  b e t w e e n  the  pla te  edges  
and  long i tud ina l  s t i ffeners.
1 . 2 . 4 . 4  C o lu m n  s lenderness :
G en e ra l ly  speak ing ,  in c re a s in g  the c o l u m n  s len d e rn e ss  ( X ) leads  to a 
r ed u c t io n  in the u l t im a te  s t reng th .  F o r  va lues  o f  in t e r m e d i a t e  c o l u m n  
s lenderness  (0.77<A.<1.27) as wil l  be d i scussed  in c h a p t e r  3, the m o d e  o f  
fa i lure  wil l  be an in te rac t ion  o f  y ie ld ing  and  f lexura l  b u ck l in g  o f  s t i f fened 
pane ls  and  the d rop  in s t reng th  af te r  peak  load is m o s t  p ro n o u n ced .
1 . 2 . 4 . 5  Initial c o l u m n  def lect ion:
T h e  in f luence  o f  in i t ia l  s t i f f ene r  d is to r t ions  is m o r e  d o m i n a n t  in the 
range  o f  m o d e ra te  s len d e rn e s s e s  and  the ef fec t  is to r e d u c e  c o l u m n  load 
c a p a c i t y  and  is n a tu ra l ly  m o s t  p r o n o u n c e d  in the  r e g io n  c lo se  to peak  
load.
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1 .  2 . 4 . 6 S t i f fe n e r  to p la te  area ratio:
T h e  in c re a se  o f  s t if fen e r  to p la te  a rea  ratio  s l ig h t ly  im p ro v es  the load 
c a r ry in g  c a p a c i ty  a n d  p o s t  p e a k  lo a d  b e h a v i o u r  f o r  m o s t  p ra c t ic a l  
s t ru c tu re s .  T h is  is b e c a u se  the s t i f fe n e r  c ro s s - s e c t io n  p ro p o r t io n s  are  
c h o s e n  to  a v o id  loca l  b u c k l in g  and  h en c e  th ey  m o s t ly  fa i l  c lo se  to the  
y ie ld  s tress . In  c o n t ra s t  p la te  e lem en ts  w ill o f ten  b u c k le  b e fo re  u lt im a te  
fa i lu re  o f  the w h o le  c ross-sec tion .
1 . 2 . 5  Fa ilu re  m odes:
F lex u ra l  b u ck l in g  induced  bv  p la te  f a i lu re :
T h is  m o d e  in v o lv es  b u ck l in g  to w ard s  the s t i f fe n e r  an d  p rec ip ita ted  by 
lo ss  o f  c o m p re ss iv e  s treng th  o f  the plate.
F lexu ra l  b u c k lin g  induced  by  s t if fene r  f a i lu r e :
T h is  m o d e  o f  fa ilu re  invo lves  b u ck l in g  to w ard s  the  p la ting .
T h e  c o l la p s e  is s e n s i t iv e  to the  m a g n i tu d e  a n d  d i r e c t io n  o f  in i t ia l  
im p e r f e c t io n s .  It is th en  n e c e ssa ry  to  r e p re se n t  c o r r e c t ly  the  fo rm  o f  
in i t ia l  d is to r t io n  and  a llow  for  in te rac tion  o f  ad ja c e n t  spans.
In so m e  c ase s ,  in itia l d is to r t ion  m a y  be d i re c te d  to w a rd s  the p la ting ,  
in d u c in g  b u c k l in g  to w ard s  the p la ting . T h e  b u c k l in g  o f  s t if fene rs  aw a y  
f ro m  the  p la t in g  in one  in te r f ram e  b ay  m a y  in d u c e  b u c k l in g  to w ard s  the 
p la t in g  in  a d ja c e n t  sp an s .  In o th e r  cases ,  w h e n  b u c k l in g  is to w ard s  the 
p la t in g ,  f lexure  m ay  be c o u p le d  w ith  side w ay s  t r ip p in g  o f  the s tiffeners. 
It is o f ten  w eak  s tif fene rs  w h ich  induce  this m o d e  o f  failure .
T r ip p in g  in d u c ed  bv  com press ion :
S t i f fe n e r  t r ip p in g  has  n o t  b een  c o n s id e re d  as a s ig n if ic a n t  bas is  fo r  
m o d e l l in g  in th is  w o rk  as it is g e n e ra l ly  a v o id e d  in d es ign .  H o w e v e r ,  
t r ip p in g  c o r re c t io n  fac to r  is d ev e lo p ed .  T h e  p h e n o m e n o n  is o b se rv ed  to 
o c c u r  in  s ev e ra l  o f  the  tests  r e v ie w e d  an d  a fu r th e r  d is c u s s io n  can  be 
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FLATCS WITH SEVERE RESIl'WAL STRESS (  INITIAL DISTORTION
Figure 1 .2  Load-shortening curves for rectangular plates 
under uni-axial compression.
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The Finite Element Program
The numerical program (FABSTRAN) used in this stage of the work 
was developed at ARE (Dunfermline) for determining compression 
behaviour of longitudinally stiffened plate panels.
2 .1  General aspects of the program
The program is a non-linear finite element program which uses beam- 
column modelling with the effective width approach and limits the 
maximum stresses to yield.
The structural geometry is defined by specifying element length, 
together with element orientations and the co-ordinates of elements ends 
relative to nodal reference axes (global references are not used). Each 
nodal reference axes may be oriented in any desired way. Sectional 
proprieties are assumed to be constant within an element and may vary 
from one element to another. Each cross-section is divided into elemental 
areas.
Large deflections are represented by modifying the definition of 
structural geometry. Initial distortions are represented by including 
initial deformations as in the initial definition of structural geometry. For 
loss of plate stiffness the program uses an approximate formula or data 
curves introduced numerically into the program. Simplified modelling is 
assumed for magnitude and distribution of residual stresses in the plating 
and the stiffeners, as illustrated in Fig. 2.2.
The program is applicable to frames of general geometry including 
circular rings. The program follows an incremental analysis procedure 
allowing direct treatment of general frame buckling problems in which 
interaction between bending and extensional deformation may cause non­
linear variations in the distribution of destabilising forces in frame 
elements. Thus local buckling of the frame cross-section is approximately 
allowed for.
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2 .2  Assumptions;
Frames of arbitrary curved geometry are represented as assemblies of 
straight beam elements. Distributed line loads acting on a frame are 
represented by equivalent concentrated loads acting at node points. Plane 
sections are assumed to remain plane under conditions of elastic and 
inelastic bending and extension. Full account is taken of the coupled 
flexural and extensional deformations of a frame and of the effects of 
shear deformation.
Element flexural deformation (w) is assumed to be cubic in form and 
extensional deformation (u) is assumed to be linear.
2 . 3 Numerical procedure:
The analysis is an incremental procedure in which loads or nodal 
displacements are applied incrementally, a linear solution being obtained 
by the matrix displacement method:
{ 8 } [ k +k J  = { r }
Where:
K : is a stiffness matrix representing the axial and flexural stiffness
of frame elements.
Kg : is a geometrical stiffness matrix representing the destabilising 
influence of axial forces in frame elements.
8 : is a column matrix of incremental nodal displacements.
R : is a column matrix representing applied loads.
In the case of hydrostatic load, secondary terms are added to the matrix 
Kg which allow for the change in direction of applied loads arising from 
buckling and pre-buckling deflections (these forces remain normal to the
deformed surface).
Cumulative values of displacements at node points and stresses, strains 
and destabilising forces in frame elements are updated after each 
incremental solution. Following each incremental solution, the stresses in 
each fibre of each element are examined and where the total stress
-17-
exceeds yield at mid-length of the fibre either:
1. The fibre is subsequently taken to contribute no stiffness in the 
next incremental solution, that is an elastic-perfectly plastic 
material stress-strain curve is being assumed, or:
2. A tangent modulus is adopted for the fibre in accordance with 
a numerically defined stress-strain curve.
In either case, the effect of shear stress on yield is ignored.
Allowance is made for elastic unloading of yielded fibres. Where 
strain reversal is found to have occurred in a yielded fibre following any 
incremental solution, the fibre is assumed to recover its elastic stiffness 
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CHAPTER 3 : 
Parametric Studies
3 .1  Introduction:
U sing the ARE non-linear finite element program [28], a parametric 
analysis has been carried out to investigate the strength o f  stiffened  
panels under uni-axial compression and the behaviour o f the components 
before and after collapse. The analysis includes the effect o f  initial 
distortions and residual stresses in addition to the effects o f plate and 
column slenderness.
Numerical results are presented, mainly in the form of average load- 
end shortening curves, covering the entire loading history. Additionally, 
ultimate strength-slendemess curves are generated to demonstrate the 
predominant effect of plate and column slendernesses.
3 .2  Stiffened panel parameters:
Panels are formed of plates stiffened by Tee-section longitudinal 
girders of a relatively low web slenderness (hw/tw*12). The plating is 
mild steel with a yield stress of 245N/mm2 and Young's modulus of 
207kNAnm2.
Dimension proportions are chosen regarding existing panels found in 
marine structures.
3 . 2 . 1  Plate slenderness:
Plate slenderness ranges are from the value (3 = 0.7 to 3.5 with values
0.7, 1.0, 1.37, 1.72, 2.0, 2.4, 2.75 and 3.0 which were obtained by varying 
the width to thickness proportions.
3 . 2 . 2  Column slenderness:
For each plate slenderness value of the above range, the range of 
column slenderness was obtained by varying the length of the span in 
some cases and cross-section geometrical proportions in other cases. For 
calculating X  all the plating is included in the cross-section.
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3 . 2 . 3  Plate residual stress and initial distortion:
These two parameters are treated together and divided into three 
levels:
Level 1 -Nearly perfect plates (low residual stress and initial 
distortion), represented by p 0 = 0.05.
Level 2 -Moderate values, represented by p.0 = 0.2.
Level 3 -High values, represented by p.Q = 0.4.
The term \xo  approximate to SqAP2 and o rAJy and the reason for 
grouping these two influences is pragmatic, noting that high values of one 
seem to coincide with high values of the other. This is perhaps not too 
surprising as the predominant plate distortion is of course induced by the 
same weld contraction actions as give rise to the residual stress Gr. This 
approach is also in line with ARE practice.
3 . 2 . 4  Stiffener initial distortion:
The stiffener initial imperfection (Aq/L) seems to lie in the range 
(0.005:0.0003). The mode of the imperfection adopted in the analysis is a 
half sinusoidal mode accounting for the interaction of the adjacent span, 
as shown in Fig. 2.1.
3 . 2 . 5  Summary of parameters:
The above discussion bring the analysis to four variables which are: p, 
X ,  |i0, AQ and a . For the first series of parametric analyses, the range of 
the factors affecting the ultimate strength has been selected as follows: 
Plate slenderness (p): 0.7 < p < 3.5 
Column slenderness (X): 0.1 < X  <  2.0
Plate initial distortion and residual stress were amalgamated into one 
group and three categories: Low , moderate, and high values as 
explained previously.
Stiffener to plate area ratio (ot=As/Ap) : 0.2 < cx < 0.4 
Stiffener initial distortion (Aq/L) : 0.0005 < Aq/L < 0.005 
For the above range of the plate slenderness, the column slenderness, 
initial plate distortion and residual stress for the following values of the
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remaining two were fixed at the following values for some of the studies:
A /L  =0.001o
a  = 0 . 3
Later, other analyses were performed for different values.
3.  3 Fixed load position:
Two approaches were used in order to choose the more realistic. First, 
the action of load is assumed not to follow the shifting of the neutral 
axis. Second, the applied load is assumed to follow the shifting of the 
neutral axis. Comparing the two suggestions the results in Figs. 3.1.a, 
3.1.b, 3.1.C and 3.1.d show that for values of high column slenderness the 
difference is likely to be negligible. The effect, however, is more 
pronounced for moderate and low values of column slenderness. For 
values of plate slenderness (p< 1.6) the difference is significant for 
moderate values o f column slenderness (0.5 < X  <  1.1). For values of 
plate slenderness (1.6 < p < 2.0) the difference in ultimate strength is less 
significant. For values o f p > 2.0, however, the difference is significant 
for low and moderate column slenderness, in particular for low column 
slenderness. Comparing the results with the existing test data, the former 
approach is more realistic for panels showing an eccentricity towards the 
stiffener, while the second approach provides a good correlation with 
panels having an eccentricity towards the plating. Therefore, depending 
on the eccentricity of the load, the analytical expressions would be 
selected. It seems that the first assumption of a fixed load position 
provides a better agreement with most test data, although in a real 
structure (like a ship) the load path will be constantly changing. The 
second approach seems to give more realistic results for the analysis of 
one span beam-column.
3. 4 Effect o f stiffened panel parameters:
3 . 4 . 1  Effect of plate slenderness:
The finite element program is used to derive the ultimate strength for 
panels with a standard stiffener initial distortion of the value Aq/L = 0.001
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and a stiffener to plate area ratio a  = 0.3, with low residual stress and 
plate initial distortion (Level 1).
Figures 3 .2 .a and 3.2.b show a family of ultimate stress-column 
slenderness curves for a variety of plate slenderness. At low column 
slenderness, where failure is due to yielding or plate buckling, the effect 
of plate slenderness (P) is predominant. For a particular value of column 
slenderness (X), increasing p results in a significant drop in strength. 
This effect is most pronounced at moderate plate slenderness, for 
instance, at value X  = 0.2, increasing the plate slenderness from the p = 
1.72 to value p = 2.0, the drop in strength is 9.3%. The drop in strength 
is less significant at higher values of plate slenderness. Increasing p from 
value 2.75 to value 3.0 gives rise to a 2% drop in strength. These results 
seem a little surprising when compared with changes arising from plate 
strength alone and is almost certainly due to the different load shifting 
assumption.
Increasing the column slenderness, however, will change the mode of 
failure from one of yielding or plate buckling to inter-frame flexural 
buckling of columns and hence the effect of plate slenderness is reduced, 
as shown in Figs. 3.2.a and 3.2.b. At a value of X  = 0.8, the drop in 
strength is less than 5%. At high column slenderness, the effect of plate 
slenderness became negligible, Figs. 3.1.a, 3.1.b, 3.1.C, 3.1.d, 3.2.a and b 
also show the importance of the assumption made regarding load 
eccentricity.
3 . 3 . 2  Effect of column slenderness:
In general, increasing the column slenderness (X ) leads to a reduction 
in the ultimate strength, as shown in Figs. 3 .2 .a and 3.2.b. This effect is 
most pronounced at moderate values o f column slenderness (0 .7<  X <  
1.27), as seen in Figs. 3.1.a, 3.1.b, 3.1.C, 3.1.d, 3.2.a and 3.2.b, where the 
mode of failure will be an interaction of yielding and flexural buckling of 
stiffened panels. The post-ultimate strength of such panels gives rise to a 
significant drop in strength after maximum load as shown in fig. 3.2.c. At
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higher values of plate slenderness the effect of column slenderness is less 
marked and reducing X  from value 1.0 to value 0.5, for example, causes 
only a little improvement in maximum strength.
3 . 3 . 3  Effect of residual stress and initial distortion:
As discussed earlier, the effects of plate initial distortion and residual 
stress are treated and introduced as one variable by grouping both 
parameters. Although residual stresses have the greater effect on plate 
strength and stiffness, researchers have shown a greater interest in the 
effect o f initial distortion. This is probably due to the visibility of 
distortions. But it may also be due to the relative neglect of modelling of 
the distribution of residual stresses present in plating for incorporation in 
numerical analysis. This is discussed more fully in reference[64].
The presence of residual stresses and initial distortion reduces the 
strength; initial distortion changes the post-ultimate strength to a less 
severe unloading path; residual stress reduces the stiffness and strength of 
the panel, and shifts the collapse load which will occur after greater 
shortening.
Graphs representing the effect of initial distortion and residual stress 
are in Figs. 3.3.a and 3.3.b. The presence of these two parameters 
strongly affect the ultimate load of the stiffened panel. A reduction in 
strength of as much as 20% in heavily welded plates compared with stress 
free plates with intermediate slenderness values. This effect , indeed, 
depends on whether the failure of the panel is plate like failure or inter­
frame flexural buckling. For instance, in a heavy welded grillage, the 
ultimate stress of the plate panel under compressive load will not 
normally be reached until the strain is 2ey , at this stage stiffener type 
failure will usually occur, except perhaps in the case of stiffeners with a 
higher yield stress than plating.
As shown in Fig. 3.3.a, for a particular value of column slenderness 
(X), increasing the plate slenderness in the moderate range leads to an 
increase in the effect of residual stresses and plate initial distortion. On
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the other hand, for a particular value of plate slenderness p = 1 (Fig.
3.3 .a), as a result of increasing the column slenderness the effect of 
residual stress and initial deflection reduces for moderate and high values 
of X .  For low values of X , however, there is a small effect. For larger 
values of p, equal 2.75 in Fig. 3.3.b, the effect of p 0 is very much greater, 
but care is then necessary to choose the best value of p0 for the given p , 
for example |i0 = 0.2 would be appropriate for p = 2.75.
As seen in Figs. (3.6.a to 3.6.f), the effect of initial distortion on post- 
ultimate strength is more pronounced for values of p in the intermediate 
range.
3 . 3 . 4  Effect of stiffener initial distortion:
The assumed column initial distortion was a half sine wave, directed 
upward (toward the stiffener) in one span and downward (toward the 
plating) in the other span (Fig. 2.1) in order to simulate a realistic 
interaction of one span on the adjacent one. Results are presented in Fig.
3.4. In general, increasing the column initial distortion leads to a 
decrease in maximum strength and this is most pronounced at moderate 
values of column slenderness. For very low values of initial distortion, 
the effect on maximum strength is nearly negligible.
3 . 3 . 5  Effect of stiffener to plate area ratio:
In order to show the effect of stiffener to plate area ratio on the 
ultimate strength and post-buckling of stiffened panels, strength analyses 
of panels with values of a  = 0.2 and a  = 0.4 for the value of L/AQ = 600 
and p 0 = 0.2 are produced. Plate and column slendernesses range as 
follows:
p: 1.0, 1.37, 2.0, 2.4, 2.75 and 3.0.
X :  0.35, 0.55, 0.75, 0.95, 1.2 and 1.5.
Ultimate strength-slendemess curves are presented in Figs. 3.5.a, 3.5.b 
and 3.5.c. Load-shortening curves are illustrated in Figs. 3.7.a and b; 
3.8.a, 3.8.b and 3.8.c; 3.9.a and b; 3.10.a, b, c and d; 3.1 l.a  and b; 3.12.a 
and b. As seen in Fig. 3.5.a, for low values of plate slenderness the effect
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of cc on maximum strength is negligible at low values of column 
slenderness. The curves show a slight effect for moderate and high values 
of column slenderness being more pronounced at moderate values. At 
moderate values of plate slenderness (Fig. 3.5.b), the effect became more 
evident and it shows more or less the same effect for all ranges of column 
slenderness. For high values of plate slenderness (Fig. 3.5.c), the effect, 
however, is predominant at low values of column slenderness and 
decreases as the column slenderness increases. The effect of stiffener to 
plate area ratio on post-ultimate strength is greater, in particular, for 
moderate column slenderness. The effect is dramatic at moderate values 
of plate slenderness, as shown in Figs. 3.9.a and 3.10.b. An increase in 
the stiffener to plate area ratio improves the load carrying capacity which 
is more predominant for low and moderate values of plate slenderness. 
The stiffened panel behaviour path in the unloading range changes from a 
sudden sharp pattern to a less severe and gradual process as a  increases. 
It is thought the dramatic drop in load and recovery exhibited with the 
lower stiffener areas may arise from adjacent bay effects. As these bays 
take more of the load they can exert stabilising moments to the collapsing 
bay which can arrest the growth in its deformation, see the further 
remarks in 6.3.2 in this respect. As a final comment it is evident that the 
well known trend for least weight designs to include high a  values is 
supported.
3 . 3 . 5  Effect of stiffener residual stresses:
The failure of a stiffened panel is influenced by the residual stresses 
due to w elding, as noted in reference [30], residual stresses vary in 
magnitude and distribution along the depth o f the stiffener and the 
collapse o f the panel is highly influenced by the pattern and levels of the 
residual stresses. Compressive residual stresses which are present in the 
tables o f the stiffener causes a reduction on ultimate strength, while 
tensile stress may have a beneficial effect. Since the effect o f stiffener 
residual stress is small compared to this o f  the plating, then is not 





















NO sh if t: The applied load does not follow the shifting of the neutral axis. 
Shift : The applied load does follow the shifting of the neutral axis.
Fiyure 3.1.a Ultimate load-SIenderness curves. 




















NO sh if t: The applied load does not follow the shifting of the neutral axis. 
Shift : The applied load does follow the shifting of the neutral axis.
Figure 3.1.b Ultimate load-Slenderness curves.



















NO sh if t : The applied load does not follow the shifting of the neutral axis. 
Shift : The applied load does follow the shifting of the neutral axis.
Figure 3.1.c Ultimate load-Slenderness curves. 
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NO sh if t: The applied load does not follow the shifting of the neutral axis. 
Shift : The applied load does follow the shifting of the neutral axis.
Figure 3.1.d Ultimate load-Slenderness curves. 
Shifting of the applied load
-31-
p■a—  10
+ ---------  1.4
■ a —  1.72
-o  2 0
■ m —  2 4
■ a —  2.75 
-*—  3 0
0.0 0.5 1.0 „ 1.5 2.0
X
1. Load not following the shifting of the neutral axis
2. Load following the shifting of the neutral axis 












b / t  = 49.5 
Wo=L/ 1 000 










Figure 3.2.a Average stress-strain curves 








Figure 3.3.a Ultimate strength-slenderness curves 
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Figure 3.3.b Ultimate strength-slenderness curves 
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Figure 3 .5  . a Ultimate load-Slenderness curves
Effect of stiffener to plate area ratio
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Figure 3.6.a Average stress-strain curves
Effect of residual stress and initial distortion
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Figure 3.6.b Average stress-strain curves

















Figure 3 . 6 .  c  Average stress-strain curves
Effect of residual stress and initial distortion
0.8
L: Low values.












V * ..... ♦ i . 0.8 H
/
“iPfl
D 1.72 0.8 M
D I
a U be no ,!□ B□aq
i
0 1 2 3 £a 4 5
£ y
Figure 3.6.d Load-shortening curves
Effect of residual stress and initial distortion
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Figure 3.6.e Load-shortening curves 
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Figure 3.6.f Load-shortening curves
Effect of residual stress and initial distortion
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Figure 3.7.a Stress-strain curves
Effect of stiffener to plate area ratio.
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Fipnre 3.7.b Stress-strain curves.
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Fiyure 3.8.a Stress-strain curves.
Effect of stiffener to plate area ratio.
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Fiyure 3.8.b Stress-strain curves.
Effect of stiffener to plate area ratio.
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Figure 3.8.c Stress-strain curves.
Effect of stiffener to plate area ratio.
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Figure 3 .9  . a  Stress-strain curves.
Effect of stiffener to plate area ratio.
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Figure 3 . 9 . b  Stress-strain curves.
Effect of stiffener to plate area ratio.
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Figure 3 . 1 0  . b Stress-strain curves.
Effect of stiffener to plate area ratio
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Figure 3 .10 . c  Stress-strain curves.
Effect of stiffener to plate area ratio
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Figure 3.10 .d  Stress-strain curves.
Effect of stiffener to plate area ratio
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Figure 3.11 .a  Stress-strain curves.
Effect of stiffener to plate area ratio
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Fipnre 3.11 .b  Stress-strain curves.
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Using the ARE program [28], a parametric analysis has been carried out 
to investigate the ultimate strength of stiffened panels under uni-axial 
stresses and the behaviour of the components before and after collapse. 
Using the results, simplified analytical modelling derived from a curve fit 
approach is suggested. Comparison with numerical and test results is 
presented.
Failure modes:
The failure modes considered in the present approach are :
(a) Failure by yielding.
(b) Plate instability.
(c) Interframe flexural buckling.
4 .2  Least squares method:
To generate approximate equations for the ultimate strength and 
post-ultimate strength of stiffened panels based on a parametric study, 
the least squares technique is used.
The function f(xk, yk, zk ) can be approximated to the function g(xk, 
yk, zk ) in which the function g is assumed as follows:
j=MP
g(xk,yk, Zk) = X ajPj(xk’yk>zk) <4 1 )
j=l
where: aj are numerical coefficients.
Pj are assumed polynomials.
The least squares method is based on the minimisation o f the 
squares of the difference between the actual values and the assumed 
configuration, which leads to the following equation:
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k=N




—  = 0 j =1, MP (4.3)
j
which can be expressed as: 
k=N
X  f a v y k ’2^ -  g(xk’yk’zk)]pj(xk’yk’zk )= 0 Mp (4-4 )
k=l
j=MP
g(xk,yk, zk) = 2 ^ ajPj(xk’yk’zk)
j=i
The system contains MP equations with MP unknown values {aj}.
This equation can be rearranged into the form :
{ajJtAj „ ] - { < ] }  (4.5)
k=N
Ajm = Pmkpjk where m = 1,MP
w  j =1,MP
C = S fk P jk
k=l
Pjk is element of the matrix containing the values o f the assumed 
polynomials for the set of values (xk,yk,zk), (j= l, MP, k=l ,  N).
N : Number of data of each set (fk,xk,yk,zk).
MP: Number of the assumed number of polynomial pj.
The polynomial Pj(*k,yk,zk) can take any desired form in terms of the 
parameters xk, yk, zk and also any desired number of these parameters.
4 .3  The analytical approach:
4 .3 .1  Parametric analysis:
For the parametric analysis the range of factors affecting the ultimate
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strength has been selected as follows:
Plate slenderness ((3): 0.7 < (3 < 3.5 
Column slenderness ( X ) :  0.1 < X  < 2.0
The plate initial distortion and residual stress were defined as one 
group into three categories: Low, moderate, and high values.
Initial distortion (8oAp2) and residual stress (a^Oy): 0.05,0.2, 0.4
Stiffener to plate area ratio ( c c = A J A n)  : 0.2 < a  < 0.4b P
Stiffener initial distortion (A /L) : 0.0005 < A /L < 0.005o o
Selecting the range of plate slenderness, column slenderness, initial 
plate distortion and residual stress for the following values of the other 
parameters:
Using the Finite Element Program (ARE), together with test results the 
maximum strength (ou/ay) of the stiffened panels was investigated over a 
range of plate and column slendernesses (Figs. 3.2).
Studying the graph shown in Figs. 3.2, the follow ing analytical 
expressions for the maximum strength in terms of |3, X ,  and p. o are 
derived using the least squares method and two cases are examined:
(1) Load following the shifting of the neutral axis:
For 1 < (3 < 1.6 and X  < 1.3
A /L  =0.001o
a  =0.3
4 . 3 . 2  The derived expressions for the ultimate strength:
(4.6)




For 1.6 < p < 3.0 and A. < 1.3
^ • = e_a7Mo (-0.8 i +2.0 J-+ 0 .7 - 0 .6 5  — ) (4.8)
^  P P P2 P2
For P> 1.6 and X>1.3 (p=3.0 When p > 3.0)
S+ = e"Q7Mo (-0.04 £  + 0.25 -  + 0.05 -B- 40.42 — ) (4.9 )
*  X X x2 X2
For p < 1 , (p = 1.0 when p < 1.0
Kst = 1 and (p0 =0.05 when p0 < 0.2) when X  >  0.6
-0.1(1
= K ~ e  ° ( 1.17-0.55X) (410)
S t  /
K = 1 when < 14
s t  tw
K =1.1 when 14<-— <20
S t t w
K =2 when ^ > 2 0  
st ^
where K st is tripping correction factor taken from test results. 
Note when X  >  0.6 use pQ = 0.05 and K st= 1 throughout.
For p > 3.1 and A. <1.3
S u . =  e-0 'lMo ( 0.6-0.2X) (4.11)Oy
(2) The load not following the shift of the neutral axis:
For 1 < p < 3.0 and A. <1.3 (p = 3. when p > 3.0)
— = e  ^  ( - o i ^ + i e 1 - o .6 4 ^ - i . i - L )  
oy p P P2 P2
For 1.0 < P < 1.6 and X > 1.3
(4.12)
-0.7p
f i i = e  ° ( 0.1 +0.06 — - 0 . 2 + 0 . 7 )  (4.13)
O v X X X2 X2
y
For p> 1.6 and X> 1.3 (p = 3.0 when P > 3.0)
S j. = e‘Q7Mo ( -0.04-B + 0 .2 5 - +0.05-B- +0.42— ) (4.14)
X X X 2 X2
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For p < 1
Use equation (4.10) above.
Equations (4.10). was originally derived with no contribution to the 
collapse due to stiffener tripping failure. This type of failure is more 
likely to occur in short stiffeners with weak lateral torsional rigidity 
(narrow flanges), hence, a correction factor (Kgt) in terms of web 
slenderness (h^/t^ accounting for the tripping of the stiffener has been 
introduced.
For low plate slenderness and a relatively moderate or high column 
slenderness, the effect of initial plate distortion and residual stress is 
likely to be negligible (Eq. 4.10).
For values of 3.0 < p < 3.5, the value p = 3.0 should be used in the 
equations (4.9), (4.12) and (4.14) since the effect of the increase in p is in 
fact small. Using, for example, p = 3.5 in these equations would lead to a 
less accurate result..
4 . 3 . 2 . 1  Effect of other parameters:
The effects of column distortion and stiffener area are accounted for by 
equation (4.19) the other geometrical and material parameters is 
investigated with the assumption that these effects are independent..
Initial distortion:
Stiffener initial distortion reduces the strength, and the effect is more 
pronounced for moderate column slenderness. A correction factor Rw is 
used depending on column slenderness and AQ /  L and X  .
Rw = ( WQ- 1)(0.034 -  0.095X ) X  <0.9
Rw= ( W0- 1)(0.034 _ 0.095( 1.8-X ) X > 0.9 (41'
A +3
vhere 10
Stiffener to plate area ratio:
As explained in section 3.3.5 of chapter 3, the stiffener to plate area ratio 
generally increases the maximum strength and the effect of this parameter
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reveals a relatively different effect for different values of plate and 
column slendernesses. Taking this into account, a correction factor Ra to 
predict the strength for values of stiffener to plate area ratio different 
from oc = 0.3, is suggested:
The correction factor is expressed as follows:
1. For values of p > 1.0 and X <  1.0
0.005X nnA
Ka = 0.996 e  p004
2. For values of P < 2.0 and X >  1.0
0.005X
k = i.oe  p004a
3. For values of p>2.0 and X >  1.0
0.005X „
K = 1.05e p-004a
The correction factor Ra is expressed as follows:
p
(a) For values of a <0.3
R = H0a+31_(10a_2) As
a  where a = ~ £ m (4.18)
(b) For values of a >0.3 
R = (1 0 a-3)K - ( 10a-4)a a




4 . 3 . 2 . 2  Ultimate strain corresponding to maximum strength:
Using the previous parametric analysis with various ranges of plate 
slenderness (p), column slenderness (A,), residual stress and plate initial 
distortion with the other parameters taken at fixed values as follows. 
Stiffener to plate area ratio cc=0.3 
Initial column distortion Ao/L=0.001
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The strain at which the panel reaches its maximum strength is derived 
using a simple numerical approach in terms of the plate slenderness, 
column slenderness, residual stress and initial distortion. The results 
were fitted numerically using the least squares method.
Effect of other parameters:
Initial column deflection reduces the strength but on the other hand 
the effect on ultimate strain is more likely to be negligible. Residual 
stress in plating reduces the maximum strength which occurs at a greater 
strain. For various ranges of plate slenderness and column slenderness, 
the results show a different effect of residual stress and initial distortion 
on the ultimate strain, which are expressed as follows:
where T7 is the non-dimensional strain corresponding to the ultimate 
stress.
The analysis conducted using the Finite Element Program was 
performed for three levels of initial distortion and residual stress as 
discussed earlier.
The stiffener to plate area ratio shows a relatively small effect on 
ultimate strain and can be expressed as follows.
eu -0.8 X
(4.20)
— + 0.2(p -0.05) 
e 0
eu p> 1.0 (4.21)
e 0.05y
H_ \0.25)' p < 1 and X  < 0.4 (4.22)
P < 1 and X  >  0.4 (4.23)
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e
VF= — +0.8 a2 -  0.5 a  -0.2 (4.24)ey
4 . 3 . 3  Post-buckling modelling:
4 . 3. 3 .1 Introduction:
Recent numerical methods using finite element or finite difference 
using dynamic relaxation techniques [30], [35], [36], [37], [38], [39] were used 
to investigate the non-linear behaviour of stiffened panels under uni-axial 
loads or combined loading to examine the effect o f a number of 
geometrical and material parameters. These techniques are vital tools to 
analyse the behaviour before and after collapse. All methods use the 
beam-column modelling, generally with two approaches: one is to use an
effective plating width and to limit the maximum stress to the yield stress, 
the other is to use a full effective plating and limit the stress to the 
maximum plate buckling stress.
The unloading path has been of interest to various researchers. The 
importance is clearly identified for system strength analyses and for 
associated reliability analyses. Due to the complexity of the non-linear 
problem, reliability studies are more complicated.
The present report proposes a simplified modelling for the analysis of 
the ultimate strength of stiffened panels and the behaviour before and 
after collapse is introduced.
4 . 3 . 3 . 2  Unloading strength path:
The unloading pattern is simplified to a piece-wise linear formulation as 
shown in Fig. 4.1. The tangentional stiffness is estimated from simplified 
m odelling which incorporates as necessary the effects o f column 
slenderness, plate slenderness, stiffener to plate area ratio, residual stress 
and plate initial distortion. The following expressions for the parameters 
describing the straight lines pattern shown in Fig. 4.1 are suggested as a 
result of extensive numerical studies:
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E' = -0.525 P-0-5 X2 or0-6 For p <; 1.6 and X< 0.8 (4.25)
■^ = 0.24 — p-°-3 a008 e
- 0.2 ho
- 1 2  p.
E =-(1.29-1.27a) ( X-+0.2)-1-9e  ° For |3< 1.6and 0.8 < X <  2.0 (4.26)
^ =0.27 X034 p0-4 n0025 a008
E' = -1.220 p-‘ 3 x V - 7 e'2-6110 For 1.6 ^  p S 3.5 and X < 1 (4.27)
-  = 0.24 — B-0-3 a008 e  ° 
Xo
E = -(1.22-1.47a) (X)-19 p-04 e  Fcr 1.6<P<35 and 1 < X< 2 (4.28)
=  0 .2 7  X034 °-4 n  0.025 0,0.08
V  o
The non-dim ensional strain at which the panel reaches its "residual" 
strength (<X>r) can be estimated from the linear relation:
O  —  < j>  O  —  O
— ------   E' or 'F = — -----+ ¥  (4.29)
*F - 'V  E
4 . 3 . 3 . 3  Loss of plate stiffness before collapse:
The panel shows an overall loss of stiffness due to local plate loss of 
stiffness, which is more pronounced in stocky plating in the presence of 
residual stresses and in slender plating caused by buckling.
It has been seen from a series of finite element numerical results that 
the panel commences the loss of stiffness at a non-dimensional strain (4^) 
approximately equal to k'F with a non-dimensional load (<X>s = 4^ ) . In 
this present approach, it is assumed that when the non-dimensional strain 
reaches this point, the overall stiffness reduces linearly until peak load. 
The factor k is defined as follows:
(a) For low values of initial distortion and residual stress: 
p < 2.6 k = 0.9
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2.6 < p < 3.5 k = 0.6 (4.30)
(b) For moderate values of initial distortion and residual stress:
. A.<0.5
p < 2.6 ] 0.5 <A.<0.8
J X>0.8
k = 0.65 
k = 0.85 
k = 0.95
(4.31 )
2.6 < P < 3.5 X  < 0.5 k = 0.4
(c) For severe values of initial distortion and residual stress:
p < 2.6 'I X  < 0.9 
J X  >  0.9
P> 2.6
k = 0.45 
k = 0.95 
k = 0.25
(4.32)
In cases (a), (b) and (c) the relation must be satisfied:
When k < — > k should take the value k =
The non-dim ensional tangent stiffness (E+) will be defined by the 
expression:
Finally, the non-dimensional load (o a/ay) can be expressed by the linear 
relation:
^■ = A + B ^  (4‘*
°y ®y
where A and B are defined as follow:
The variables E+, E-, 0>, VF, >^r^ r/ and k are previously defined by 
equations : (4.33); (4.25, 4.26 and 4.27); (4.19), (4.24 ), (4.25, 4.26 and 
4.27); (4.29); (4.30, 4.31 and 4.32), respectively.
o-ky




A = 0 - E 'xF 
B = E
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4.4 Variables governing the modelling-
4 . 4 . 1  Plate slenderness fp\
Plate slenderness is defined by the expression:
The expression includes the width to thickness ratio and material 
parameters: Yield stress and Young’s modulus of the plating. Guedes 
Soares [33] presented a statistical description of plate dimensions for the 
cases of tankers and frigates, which is reproduced in Fig. 4.4. The author 
noted that the distributions are different for each ship type. In the case of 
tankers b/t ranges from 20 to 90 with a mean value of 60, for frigates b/t 
ranges from 20 to 110 with values up to 180, the mean value is 46. The 
mean values correspond to slenderness (p) of 2.0 and 1.5 respectively for 
tankers and frigates. For warships, Smith [30] stated that in existing 
British warships, the plate slenderness (p) ranges from 1.0 to 4.5. A 
preliminary survey [62] of flight decks in existing British warships and 
ships o f the Royal Fleet Auxiliary was conducted to establish the 
approximate ranges of the variables involved, p was found to lie between
1.0 and 4.0 with most values below 3.5, a/b covered the range 1.0 to 8.0. 
Values o f p > 4.0 may occasionally be found in practice (corresponding to 
b/t =120 in mild steel) but continuation of the parametric analysis beyond 
plate slenderness corresponding to the value 3.5 was not considered 
because of the limitation of the program to values of b/t = 90. In this 
analysis the range (0.7 to 3.5) has been adopted for the slenderness (p).
4 . 4 . 2  Column slenderness (A,Il
Column slenderness is defined as:
L -the length of the span between transverses.




oe -the equivalent yield stress for the combined cross-section.
It should be noted that the results derived using the ARE Program [28], 
[29] to obtain the present approach account for the effective breadth, and 
the radius o f gyration for the use in the simplified method should be 
estimated using a fully effective breadth.
An approximate expression accounting for the yield stress o f the 
stiffener and the plating is suggested and takes the following form:
a A + a Ayp p ys s 
a« =  A--------
Smith [30] outlined that the column slenderness for existing British 
warships falls in the range interval (0.15 to 0.9 ). During the present 
method the range (0.1 to 2.0) has been adopted for the column slenderness
a>.
4 . 4 . 3  Plate residual stress and initial distortion:
It has been postulated during the discussion on the effect o f these two 
parameters, that the ARE programs use numerical data for accounting for 
local plate instability. These numerical data depend upon the plate 
slenderness and the magnitude o f residual stress and initial distortion. 
However, only three levels of residual stress and initial deformation have 
been considered, cited as follows:
Level 1. Low values, 8o/tP2 < 0.05 and a r/oy=0.05 p 0 = 0.05
Level 2. Moderate values,5o/tP2 =0.15 andar/ay=0.2 It0 = 0 *2
Level 3. High values, S^tp2 * 0.3 and o r/o y > 0.4 |io = 0 -4
This effect is incorporated using a parameter (p0) which accounts for both
effects.
Faulkner [31], from the theory o f welding contractions and confirmed 
by a series o f measurements o f initial distortions in warships, indicated 
that initial distortion takes the form:
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Y  =  K P2 K = 0.12 when (3<3 and K = 0.15 when P>3
Other researchers [32] conducted measurements of initial distortions in 
merchant ships and suggested the following expression which is linear 
with b/t:
5 h— = 0.0094 ( —) - 0.205 t t
Other surveys o f plate initial distortions in ships can be found in 
references [30], [44] and [45].
In this modelling, the form SqA =Kp2 is used depending on the level of 
residual stress and initial distortion, and any magnitude of residual stress 
and initial distortion should be identified to one of the three levels 
previously defined.
4 . 4 . 4  Stiffener initial distortion:
Design values of stiffener initial distortion can be used like those in 
the Merrison rules [40] which proposed tolerances L/A =—1200 and +900. 
A Suggested design values of L/AQ= 750 is is used in the new UK Bridge 
Codes [41] and by the European recommendations for Steel Construction 
[42], [43]. Reference [44] presented tolerances of initial distortions based 
upon surveys of frigate structures with a mean value (A0) equal to 0.0025 L.
Stiffener initial imperfection (A0/L) seems to lie in the range 
(0.005:0.0003). The mode of the imperfection adopted in the analysis is a 
half sinusoidal mode accounting for the interaction of the adjacent span, 
as shown in Fig. 2.1.
4 . 4 . 5  Eccentricity of the applied load:
Load eccentricity represents an unknown quantity in most test data. 
An error in the position of the applied load can influence the direction of 
buckling. In the present approach the term eccentricity (E^ -.) refers to 
whether the load is considered to follow, or not follow, the shifting of the 
neutral axis. When the term E^ is positive (Eccentricity toward the
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plating) the assumption that the load follows the shift of the neutral axis, 
while for fixed load which does not follow the shift of the neutral axis the 
term Ec is negative or equal to zero (eccentricity zero or toward the 
stiffener).
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Figure 4 .4 Probability density distribution of plate 
slenderness in frigates and tankers.
Correlation with test and numerical results
5 .1  Maximum-load capacity:
5 . 1 . 1  Correlation with test results :
Lloyd’s Register o f Shipping comm issioned a study and a Technical 
Report [34] in which the authors provided a discussion and comparison of 
four approaches: Cambridge, Manchester, Monash and Imperial College 
methods for obtaining the ultimate strength of stiffened panels under uni­
axial loading. Comparing the methods with the existing test results and 
after accounting for modification to the methods, the authors concluded  
that the Imperial College approach was the most satisfactory and has 
therefore been used as the basis for deriving the method for use by Lloyd’s 
Register. A later review [66] included the RN College test data [65] and 
concluded that the formulation o f Faulkner [31] in fact give the best 
statistical fit of any to the worlds reputable test data. Nevertheless, an 
attempt is made to compare the present suggestion with test results and 
with the four approaches and the test results. For the purpose of  
comparison an absolute error band o f 15% is suggested.
5 . 1 . 1 . 1  Manchester Tests:
The Manchester tests were conducted to investigate the influence o f a 
number of different parameters. The panels were of single span and were 
allow ed to pull in on the unloaded edges. Since the present method is 
derived for only pinned loaded edges the comparison was limited to this 
boundary constraint.
Geometrical and material parameters, together with analytical and test 
results, are presented in Tables 5 .2 .a and 5.2.b respectively. The results 
show a good agreement with the test results and only two m odels fall 
outside the suggested error band: Panels D12(-17.5% ) and D ll(-18 .9% ). 
This may be due to residual stresses in the plating since intermittent
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welding is less severe than continuous welding. For low residual stresses, 
the errors for panels D12 and D l l  are -6.2 and -12.1% respectively.
5 . 1 . 1 . 2  RN College tests:
These 65 m odels [65] were o f single span construction, simply 
supported on the loaded edges and free to deflect out-of-plane on the 
unloaded edges. A ll stiffeners were welded continuously to the plating 
and the load was aligned with the initial neutral axis. Details o f these 
m odels and the comparisons are shown in Tables 5 .1 .a and 5.1.b 
respectively.
Four results fall outside the suggested error band; panels P21(-32.3% ), 
F2(-21.0% ) and P9(-17.5% ), panel P21 shows a poor correlation for all 
five methods but ref. [65] suggest this test result should be discarded as the 
model had a high but unknown yield stress. For panels P9, F2 and F3, the 
results underestimate the measured strength. This is may be due to the 
high measured stiffener initial deformations, AQ/L= 0.004, A0/L= 0.005  
and AQ/L= 0.004 respectively. Using the Imperial College design values 
Aq/L = 0.001 and AQ/L = 0.001 will improve the results to errors o f 8.1, 
-11.5 and 7.8%. However, this is not the case for panel F4 which has 
similar geometrical configurations. Using the Imperial C ollege design 
value A/L= 0.001 w ill give an error of 20.9%. Panel T2 has a measured 
initial distortion o f A/L= 0.0004 which is a low value . Here again using 
a design value o f A/L = 0.001 improves the result to an error o f 10.4%. It 
must be restated, however, that agreement o f these test data with a 
structural tangent modulus and effective width approach [31] is very much 
better [66].
5 . 1 . 1 .  3 The Imperial College Tests:
These models were laterally restrained on the unloaded edges. Details 
of the models and collapse load results can be found in Tables 5 .3 .a and
5.3.b. All the methods show satisfactory results. In addition, the results 
show that for these models the lateral restraint boundary condition has a 
negligible effect on the collapse load.
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5 . 1 . 1 .  4 ARE tests:
Smith [30] presented a series of tests on full scale welded grillages. 
The author outlined a clear discussion o f the collapse o f the models 
describing the modes o f failure. The grillages represented typical warship 
deck and single bottom structures under compressive load combined in 
some cases with lateral pressure.
Grillages la , 2b, 3b, 4a, 5, 6, and 7 were chosen for the correlation 
because they were tested with no contribution from lateral pressure.
The first four grillages represent possible ship bottom structures, 
panels (5 and 7) represent frigate strength decks, and grillage number 6 
corresponds to a light superstructure deck. Details o f the panels are 
shown in Table 5.4.
In general, the results obtained using the present method show a good 
agreement with the test results within an error o f 15%. However, the 
mode o f failure is different since the present method does not account for 
overall grillage instability and tripping o f the stiffener, and this latter 
failure mode is restricted to panels with low values of plate and column 
slenderness and high values of stiffener slenderness (h ^ /t^ .
Failure of grillage la  was preceded by buckling of the plate panel 
accom panied by a significant loss o f plating stiffness which is w ell 
predicted by the present method. However, collapse o f grillage la  finally 
occurred by interframe tripping of longitudinal stiffeners. This test has 
been reanalysed recently [61] and the reference is recommended to those 
seeking a better understanding of interactive plate buckling and stiffener 
tripping.
C ollapse o f  grillage 2b occurred by interfram e buckling o f  
longitudinals associated with inelastic buckling o f plate panels. The mode 
of collapse of this panel was well predicted by the present approach.
Failure o f grillage 3b occurred by upward flexural buckling o f  
longitudinals, accompanied by downward buckling in the adjacent span. 
This type o f failure is the basic modelling considered in the Finite
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Element Program [28] used to generate this simplified modelling.
Failure o f  grillage 4a occurred by flexural buckling o f  the 
longitudinals and sidew ays tripping o f deep fabricated girders, 
accompanied by local inelastic buckling of the plating and of the webs of  
deep girders. The present approach is restricted to the failure type 
occurring by flexural buckling of longitudinal stiffeners, accompanied by 
local inelastic buckling of plating. Again, ref [61] offers a fuller  
discussion o f this grillage.
Failure of grillage 5 was preceded by buckling o f the plate panel, and 
occurred by interframe buckling of longitudinals.
Failure of grillage 6 occurred by overall instability involving upward 
and downward bending o f transverse frames as w ell as longitudinal 
girders. The failure was preceded by buckling of plate panels.
The type o f failure of grillage 7 was similar to the one o f grillage 5.
Finally, a histogram configuration showing a distribution o f the 
results for 75 tests is presented (Figs. 5.1.a and 5.1.b ).
5 .2  Post-buckling strength:
5 . 2 . 1  Test results:
A  comparison is made with test results presented in the technical 
report [6], as shown in Figs. 5.2.a, 5.2.b and 5.2.c and the results indicate 
a good correlation with those of the tests for models 11 and 15. However, 
this is not the case for models 19 and 29, shown in Fig. 5.2.b in which the 
test results present a more severe unloading pattern. This may be due to 
the tripping o f  stiffeners which influences the mode o f collapse o f the 
panel. It should be noted that tripping is not included in the finite 
element analysis.
5 . 2 . 2  Numerical results:
5 . 2 . 2 . 1  Correlation with the finite element method:
Present modelling is compared with the results derived using the ARE 
non-linear finite element program [28] and the results are shown in Figs.
5 .3 .a, 5.3.b, 5.3.C and 5.3.d. In general the present modelling reveals a
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good correlation with the finite element results.
5 .2  .2  . 2 Correlation with the dynamic relaxation technique:
Results derived using finite differences with the dynamic relaxation 
technique [52] are compared with the present simplified approach. Panels 
of b/t = 30, a =  0.2 and b/t = 60, a  = 0.4 are selected for comparison. 
Results are presented in Figs. 5 .4 .a and 5.4.b. Correlation shows a 
reasonable agreement with a mean value o f error -1.8% and a standard 
deviation of 8.0%.
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M o d e l
















(mm ) 5 o
PI 88.4 3.07 17.4 4.88 12.7 6.17 244.0 0.05
P2 147.0 2.62 30.4 4.83 12.7 6.22 384.0 0.04 . . . .
P3 221.0 2.54 54.1 4.90 12.7 6.10 638.0 0.21 . . . .
P4 236.0 2.01 43.6 4.80 12.7 6.25 523.0 0.16 . . . .
P5 88.4 3.07 17.4 4.88 12.7 6.17 488.0 1.20 0.08
P6 147.0 2.62 30.4 4.83 12.7 6.22 767.0 0.78 0.76
P7 221.0 2.54 54.1 4.90 12.7 6.10 1275.0 1.08 1.47
P8 236.0 2.01 43.6 4.80 12.7 6.25 1046.0 0.49 2.73
P9 88.4 3.07 17.4 4.88 12.7 6.17 732.0 1.78 . . . .
P10 147.0 2.62 30.4 4.83 12.7 6.22 1151.0 1.53 . . . .
P l l 221.0 2.54 54.1 4.90 12.7 6.10 1913.0 3.37 —
P12 236.0 2.01 43.6 4.80 12.7 6.25 1570.0 1.13 . . . .
P13 88.4 3.10 26.4 3.10 0.0 0.0 262.0 0.04 . . . .
P14 177.0 3.05 17.5 4.85 12.7 6.15 244.0 0.07 . . . .
P15 265.0 3.07 34.0 4.95 12.7 6.20 422.0 0.15
—
P16 295.0 2.57 30.5 4.90 12.7 6.12 384.0 0.07 —
P17 88.4 3.10 26.4 3.10 0.0 0.0 523.0 0.37 0.10
P18 177.0 3.05 17.5 4.85 12.7 6.15 488.0 0.19 0.62
P19 265.0 3.07 34.0 4.95 12.7 6.20 843.0 0.35 2.00
P20 295.0 2.57 30.5 4.90 12.7 6.12 767.0 0.24 2.14
P21 88.4 3.10 26.4 3.10 0.0 0.0 785.0 0.88
P22 177.0 3.05 17.5 4.85 12.7 6.15 732.0 0.40 . . . .
P23 265.0 3.07 34.0 4.95 12.7 6.20 1265.0 0.81 . . . .
P24 295.0 2.57 30.5 4.90 12.7 6.12 1151.0 0.52 . . . .
Geometrical and material details
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Model
Number °  yp
O’ y s E E c
MANCH &M0NASH L.R.
N/mm2 N/mm 2 N/mm2 mm So Ao+ Ao_ So A0+ V
PI 250.0 283.0 190000 1.9 2.69 +2.0 -2.0 0.45 0.27 -0.20
P2 250.0 262.0 190000 -0.9 5.03 +2.0 -2.0 0.74 0.43 -0.32
P3 256.0 247.0 190000 -2.6 8.74 +2.0 -2.0 1.13 0.71 -0.53
P4 221.0 250.0 190000 -2.7 9.08 +2.0 -2.0 1.12 0.58 -0.46
P5 225.0 259.0 190000 1.9 1.95 +2.0 -2.0 0.42 0.54 -0.41
P6 239.0 259.0 190000 -0.9 3.85 +2.0 -2.0 0.73 0.85 -0.64
P7 270.0 246.0 190000 -2.6 6.06 +2.0 -2.0 1.16 1.41 -1.07
P8 247.0 259.0 190000 -2.7 8.20 +2.0 -2.0 1.18 1.16 -0.87
P9 230.0 283.0 190000 1.9 1.95 +2.0 -2.0 0.42 0.81 -0.61
P10 239.0 258.0 190000 -0.9 3.85 +2.0 -2.0 0.73 1.28 -0.96
P l l 239.0 252.0 190000 -2.6 6.06 +2.0 -2.0 1.09 2.13 -1.59
P12 249.0 266.0 190000 -2.7 8.20 +2.0 -2.0 1.19 1.74 -1.31
P13 253.0 261.0 190000 0.11 2.87 +2.0 -2.0 0.45 0.29 -0.21
P14 242.0 269.0 190000 -0.4 2.76 +2.0 -2.0 0.88 0.27 -0.20
P15 227.0 267.0 190000 -1.5 4.83 +2.0 -2.0 1.27 0.47 -0.35
P16 244.0 273.0 190000 -2.1 5.27 +2.0 -2.0 1.47 0.43 -0.32
P17 229.0 256.0 190000 0.11 1.94 +2.0 -2.0 0.43 0.53 -0.44
P18 229.0 246.0 190000 -0.4 5.52 +2.0 -2.0 0.86 0.54 -0.41
P19 253.0 266.0 190000 -1.5 6.06 +2.0 -2.0 1.35 0.94 -0.70
P20 261.0 247.0 190000 -2.1 6.08 +2.0 -2.0 1.52 0.85 -0.64
P21 258.0 262.0 190000 0.11 1.94 +2.0 -2.0 0.45 0.87 -0.65
P22 242.0 262.0 190000 -0.4 4.00 +2.0 -2.0 0.88 0.81 -0.61
P23 244.0 262.0 190000 -1.5 6.06 +2.0 -2.0 1.32 1.41 -1.05
P24 239.0 267.0 190000 -2.1 8.10 +2.0 -2.0 1.46 1.28 -0.96
TABI.F.S.i.afCont'd) RN College Tests




















FI 229.0 2.54 38.1 9.53 0.0 0.0 348.0 -------- - - - -
F2 229.0 2.54 38.1 9.53 0.0 0.0 653.0 3.45
. . . .
F3 229.0 2.54 38.1 9.53 0.0 0.0 958.0 3.43 —
F4 229.0 2.54 38.1 9.53 0.0 0.0 1262.0 — —
FL1 136.0 4.93 63.5 3.02 0.0 0.0 577.0 0.25 0.33
FL1S 136.0 4.93 63.5 3.02 0.0 0.0 577.0 — —
FL2 136.0 4.93 63.5 3.02 0.0 0.0 577.0 0.20 —
FL2S 136.0 4.93 63.5 3.02 0.0 0.0 577.0 __ _____
T1 203.0 1.98 28.65 4.95 13.0 6.35 1224.0 0.56 1.17
T2 169.0 1.98 19.05 4.95 13.3 6.35 874.0 0.08 0.53
T3 202.0 1.91 28.45 4.95 13.3 6.35 986.0 0.33 0.74
T4 166.0 2.08 19.05 4.95 13.2 6.35 704.0 0.97 0.53
T5 159.0 2.41 29.30 5.08 13.3 6.35 1019.0 1.42 0.03
T7 157.0 2.41 29.35 4.95 13.3 6.25 775.0 0.61 0.05
T8 116.0 3.09 19.15 4.95 13.2 6.25 546.0 — —
T9 173.0 3.07 38.25 4.90 12.7 6.25 673.0 1.3 0.18
T10 115.0 3.10 19.15 4.95 12.7 6.25 376.0 — _____
T i l 82.0 4.32 19.15 4.95 12.7 6.25 409.0
TART.F. 5 . 1 .  afdont'd) RN College Tests
Geometrical and material details
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Model
° y P (T y s
N /m m 2
E





Number N/m m  2 mm
So A cu- A o- So A Of A o-
FI 222.0 238.0 190000.0 2.3 4.77 2.0 -2.0 1.09 0.39 -0.29
F2 227.0 262.0 190000.0 2.3 8.96 2.0 -2.0 1.10 0.73 -0.54
F3 195.0 250.0 190000.0 2.3 6.28 2.0 -2.0 1.02 1.06 -0.79
F4 188.0 208.0 190000.0 0.2 6.28 2.0 -2.0 1.00 1.40 -1.05
FL1 321.0 321.0 190000.0 0.0 1.89 2.0 -2.0 0.78 0.64 -0.48
FL1S 321.0 321.0 190000.0 0.0 1.89 2.0 -2.0 0.78 0.64 -0.48
FL2 247.0 219.0 190000.0 0.0 1.89 2.0 -2.0 0.68 0.64 -0.48
FL2S 247.0 219.0 190000.0 0.0 1.89 2.0 -2.0 0.68 0.64 -0.48
T1 190.0 208.0 190000.0 0.0 7.11 2.0 -2.0 0.89 1.36 -1.02
T2 188.0 278.0 190000.0 1.6 5.88 2.0 -2.0 0.74 0.97 -0.72
T3 184.0 184.0 190000.0 2.6 7.33 2.0 -2.0 0.88 1.09 -0.82
T4 196.0 287.0 190000.0 1.6 5.49 2.0 -2.0 0.74 0.78 -0.59
T5 201.0 267.0 190000.0 0.0 4.54 2.0 -2.0 0.72 1.13 -0.85
T7 247.0 262.0 190000.0 2.6 4.48 2.0 -2.0 0.79 0.86 -0.65
T8 250.0 267.0 190000.0 2.3 2.56 2.0 -2.0 0.59 0.61 -0.46
T9 259.0 293.0 190000.0 3.0 3.88 2.0 -2.0 0.89 0.74 -0.56
T10 292.0 279.0 190000.0 0.0 2.53 2.0 -2.0 0.63 0.41 -0.31
T i l 281.0 286.0 190000.0 0.0 1.28 2.0 -2.0 0.44 0.45 -0.34
TABT/F, 5 . 1 .  afCont'd) RN College Tests
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mm mm Ao mm 8 o
7 457.0 9.5 152.5 16.0 0.0 0.0 1830.0 2.5 1.7
14 457.0 9.5 152.5 16.0 0.0 0.0 1830.0 1.5 6.0
12 457.0 9.5 152.5 16.0 0.0 0.0 1830.0 7.0 2.6
8 457.0 9.5 152.5 16.0 0.0 0.0 1830.0 1.4 0.9
13 457.0 9.5 152.5 16.0 0.0 0.0 1830.0 0.6 5.8
11 457.0 9.5 152.5 16.0 0.0 0.0 1830.0 5.9 1.84
D 22 457.0 10.0 80.0 12.0 0.0 0.0 1830.0 1.6 1.2
D21 457.0 10.0 80.0 12.0 0.0 0.0 1830.0 1.4 5.7
D23 457.0 10.0 80.0 12.0 0.0 0.0 1830.0 1.4 1.4
D 12 457.0 10.0 80.0 12.0 0.0 0.0 1830.0 2.2 3.1
D l l 457.0 10.0 80.0 12.0 0.0 0.0 1830.0 1.4 5.4
E23 457.0 6.5 76.0 12.5
0.0 0.0 1830.0 1.1 2.5
E21 457.0 6.5 76.0 12.5 0.0 0.0 1830.0 1.9 5.6
E22 457.0 6.5 76.0 12.5 0.0 0.0 1830.0 2.7 1.3
E12 457.0 6.5 76.0 12.5 0.0 0.0 1830.0 1.6 1.7
E l l 457.0 6.5 76.0 12.5 0.0 0.0 1830.0 1.6 6.3
PF2 200.0 9.7 150.0 15.1 0.0 0.0 2700.0 3.3 0.7
PF5 300.0 10.0 150.0 15.1 0.0 0.0 2700.0 3.5 1.4
PF11 350.0 9.8 150.0 15.1 0.0 0.0 2700.0 3.3 1.6
SW1 480.0 9.7 150.0 15.1 0.0 0.0 2700.0 3.9 1.8
SW3 480.0 9.9 150.0 15.1 0.0 0.0 2700.0 2.7 2.7
SW5 480.0 9.9 150.0 15.1 0.0 0.0 2700.0 2.1 2.0
SW7 480.0 9.7 150.0 15.1 0.0 0.0 2700.0 3.5 1.4
FS9 200.0 9.9 148.0 9.8 0.0 0.0 3000.0 3.2 0.9
FS4 200.0 9.9 148.0 9.8 0.0 0.0 3000.0 2.0 0.5
9 457.0 9.5 152.0 9.5 0.0 0.0 1830.0 2.5 0.7
AS2 200.0 10.4 152.0 6.6 38.0 12.0 3000.0 3.6 1.0
AF2 200.0 10.3 152.0 6.5 76.0 9.8 3000.0 4.0 0.8
TABLE 5 .2  .a  Manchester Tests
Geometrical and material details
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M O D E L c yp Cyg E E c MANCH $ MONASH1 L.R.
N U M B E R N/m m  2 N/mm 2 N/mm 2 mm 80 A o+ A o - S o
7 254.7 268.1 204000.0 0.0 1.75 2.0 -2.0 2.33 2.0 -1.5 3
14 254.7 268.1 204000.0 0.0 1.75 2.0 -2.0 2.33 2.0 -1.5 3
12 254.7 268.1 204000.0 0.0 1.75 2.0 -2.0 2.33 2.0 -1.5 3
8 262.1 ' 262.0 204000.0 0.0 1.75 2.0 -2.0 2.36 2.0 -1.5 3
13 275.5 262.0 204000.0 0.0 1.75 2.0 -2.0 2.42 2.0 -1.5 3
11 275.5 262.0 204000.0 0.0 1.75 2.0 -2.0 2.42 2.0 -1.5 3
D22 244.3 287.0 204000.0 0.0 1.75 2.0 -2.0 2.28 2.0 -1.5 3
D21 243.0 256.0 204000.0 0.0 1.75 2.0 -2.0 2.28 2.0 -1.5 3
D23 243.2 289.4 204000.0 8.0 1.75 2.0 -2.0 2.28 2.0 -1.5 3
D12 233.6 252.3 204000.0 0.0 1.75 2.0 -2.0 2.23 2.0 -1.5 3
D l l 282.9 290.7 204000.0 0.0 1.75 2.0 -2.0 2.46 2.0 -1.5 3
E23 329.8 369.5 204000.0 0.0 2.65 2.0 -2.0 2.65 2.0 -1.5 3
E21 335.6 353.3 204000.0 0.0 2.65 2.0 -2.0 2.67 2.0 -1.5 3
E22 343.2 389.6 204000.0 8.0 2.65 2.0 -2.0 2.70 2.0 -1.5 3
E12 334.7 377.9 204000.0 0.0 2.65 2.0 -2.0 2.66 2.0 -1.5 3
E l l 335.9 374.0 204000.0 0.0 2.65 2.0 -2.0 2.67 2.0 -1.5 3
PF2 356.0 408.0 204000.0 0.0 1.4 3.0 -2.3 1.21 3.0 -2.3
PF5 413.0 416.0 204000.0 0.0 2.1 3.0 -2.3 1.95 3.0 -2.3
PF11 379.0 410.0 204000.0 0.0 2.5 3.0 -2.3 2.18 3.0 -2.3
SW1 382.0 428.0 204000.0 0.0 3.5 3.0 -2.3 3.00 3.0 -2.3
SW3 384.0 422.0 204000.0 0.0 3.5 3.0 -2.3 3.00 3.0 -2.3
SW5 408.0 409.0 204000.0 0.0 3.5 3.0 -2.3 3.10 3.0 -2.3
SW7 418.0 434.0 204000.0 0.0 1.4 3.0 -2.3 3.13 3.0 -2.3
FS9 346.0 410.0 204000.0 -1.0 1.4 3.3 -2.5 1.19 3.3 -2.5
FS4 357.0 410.0 204000.0 -1.0 1.4 3.3 -2.5 1.21 3.3 -2.5
9 262.0 273.0 204000.0 0.0 1.75 2.0 -2.5 2.36 2.0 -1.53
A S2 367.0 410.0 204000.0 -3.0 1.4 3.3 -2.5 1.22 3.3 -2.5
AF2 354.0 410.0 204000.0 -3.0 1.4 3.3 -2.5 1.20 3.3 -2.5
TABLE 5 . 2 .  a(Cont'd) Manchester Tests
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l a 609.6 8.00 139.4 7.21 79.0 14.22 1219.2 0.85 -1.58 3.66
2b 304.8 7.37 104.8 5.38 44.7 9.53 1524.0 1.52 -0.91 1.83
3b 304.8 6.40 70.9 4.65 27.9 6.35 1524.0 2.89 -2.59 4.57
4 a 254.0 6.43 70.4 4.85 27.7 6.35 1219.2 2.80 -2.19 2.06
5 609.6 6.43 106.5 5.33 46.2 9.53 1524.0 1.22 -0.31 6.10
6 609.6 6.32 69.8 4.55 27.4 6.35 1219.2 2.44 -1.46 7.62





N/m m  2
c y s
N /m m 2
E




O  % ERROR
la 253.34 257.98 207000.0 0.752 0.760 1.1
2b 87.54 264.16 279.60 207000.0 0.845 0.876 3.7
3b 110.20 256.43 227.08 207000.0 0.604 0.572 -5.3
4a 100.92 268.79 237.89 207000.0 0.820 0.751 -8.4
5 41.20 251.80 234.80 207000.0 0.708 0.605 -14.6
6 53.55 261.07 245.62 207000.0 0.482 0.459 -4. 8
7 24.72 295.05 310.50 207000.0 0.622 0.594 -4.5
MEAN= 
S.D =
= -4.68 % 
6.00 %
TABEE 5 . 4 .  Smith Tests
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Figure 5.1.c Correlation with test results
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Figure 5.2.a Unloading curves for test models.
Correlation with test results.
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Figure 5.2.b Unloading curves for test models.
Correlation with test results.
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Finite Element Result 
Test Result 
Modelling Result
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Figure 5.2.c Unloading curves for test models.
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Figure 5.3.a Unloading curves for stiffened panels.
Correlation with numerical results.
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Figure 5.3.b Unloading curves for stiffened panels.
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Figure 5.3.d Unloading curves for stiffened panels.
Correlation with numerical results.
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Figure 5.4.a Stress-strain curves
Correlation with numerical methods
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Figure 5.4.b Stress-strain curves
Correlation with numerical methods
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.CHAPTER -fi 
Hull girder longitudinal strength
6 .1  Introduction and review:
The hull girder is a three-dimensional structure. The collapse o f such 
a structure involves various com binations o f  failure m odes. Limit state 
analysis is more com plicated than elastic response due m ainly to the non­
linear behaviour o f  the material and structural com ponents. The structure 
m ay fail by local plasticity, buckling or fracture. A  review  o f the collapse  
o f  the com ponents by buckling and yielding is presented.
A lthough the finite elem ent method remains the only technique to deal 
w ith  sig n ifica n t interaction  betw een  various lo ca l failure m od es, 
researchers have used less rigorous approaches, for econom ic reasons.
The com m on approach, which might be called "component approach", 
in w hich the ultimate strength o f  the hull girder is derived by considering  
failure o f  the structural com ponents in the the cross-section  using step by 
step failure and post-ultimate behaviour o f elem ents [48], [49], [50], [51].
C aldw ell [46] presented a sim plified m ethod to evaluate the ultim ate 
longitudinal strength under sagging loading based on the scantlings and 
m aterial proprieties o f  its m od elled  cro ss-sectio n . The procedure  
introduced an instability factor for predicting the m axim um  strength o f  
the com ponents in compression. H owever the paper did not itse lf develop  
the instability ratios needed for deck, side shell, and bottom  structures. 
This was added by Faulkner in the discussion [46]
Stavovy [47] presented a review and discussion o f  the literature related 
to work done in predicting ultimate strength o f  box girders. The report 
includes strength formula for the elem ents o f  hull girders under axial 
com pression.
Other numerical approaches [48], [49], [50], [51] included in the analysis
- n o -
both pre- and post-buckling ranges. Reference [51] is particularly 
interesting by its incorporation of horizontal as well as vertical bending 
and for making predictions on a probability basis for comparison with a 
historic failure.
In references [53], [54], three d im ensional non-linear fin ite elem ent 
m od ellin g  is used. Initial im perfections w ere a llow ed  for w ith the 
perturbation approach. In addition to the interaction o f  various failure 
m odes, the dynam ic response o f  the ship hull girder is analysed, which  
explains m ore accurately the behaviour o f  an unstable structure. The 
m ethod w as applied to four d ifferent structural arrangem ents [53]. 
H ow ever it does not include the effect o f  residual stresses.
6 . 2 Hull failure versus component failure:
By idealising the geometry of a hull girder, the ultimate strength can 
be studied. The problem has been the uncertainty regarding the boundary 
conditions and the interaction of different m odes o f failure o f the 
components in the cross-section. It has also always been difficult to 
represent the structure rationally because o f the various loadings which 
the hull girder undergoes and the com plexity o f the geometry o f the 
structure.
In linear beam theory, although the strain is proportional to the 
distance from the neutral axis, the stress varies non-linearly due to shear 
lag and effective width effects. However, it is expected that the girder 
strain will increase to a stage where either the yield strength o f the flange 
(deck or bottom) is reached or the flange buckles. Initial failure occurs in 
the weakest component of the ship hull girder. It is therefore important to 
know the ultimate strength for such elements.
A  panel failure mode has to be defined and m odelled before being 
accounted for in the analysis of a hull girder. The results depend on what 
m odelling is used of the panel. For instance, in transversally framed
- i n -
structures a deck panel modelled as an orthotropic element will have a low  
buckling stress. However, a typical plate elem ent between transverses 
w ill have a relatively higher buckling stress. This m odelling would  
indicate that global grillage buckling could be the dominant failure mode 
rather than the local buckling o f plates between transverses and this in 
general w ill not be true. M odelling o f "hard spots" formed by the 
intersection of deck and side panels, bottom and side panels, or bulkheads 
with either deck or bottom, is important to incorporate into an analysis 
evaluating the strength of the hull girder. Hard comers modelled either as 
fully effective or half effective can give a considerable difference in the 
results of the ultimate moment, especially for transversely framed ships.
W hen first failure occurs (failure by compression), the panel loses 
some o f its current load-carrying ability. This disturbs the equilibrium o f  
the hull girder which increases its curvature until load redistribution to 
achieve equilibrium is reached.
It should be noted that the collapse o f one panel increases the 
possibility o f collapse o f another panel. When a panel collapses in the 
com pression flange o f the box girder, the axis o f zero strain m oves 
towards the tension flange. This then, decreases the possibility o f tensile 
yielding, while greatly increases the possibility o f further panel collapses 
by compression.
Failure o f the cross-section can be achieved by a series o f local 
collapses and collapse o f the cross-section progresses as successive  
com ponents fail. Many structural elem ents can collapse before the 
ultimate load o f the hull girder is reached.
6 . 3 Failure modes:
Box girders may fail by yielding, instability or fracture. Instability is 
an overall behaviour unlike fracture which concentrates on the strength at 
specified points. Failure by yielding or instability w ill be described  
herein:
-112-
6 . 3 . 1  Plate instability:
Under compressive loading, arising from bending of a ship, the plate 
elements may buckle between longitudinal girders. This type o f failure is 
characterised by early collapse o f the plates before dominant yielding  
occurs in the stiffeners and hence, the ultimate load of the stiffened panel 
is reached before stiffener failure occurs.
In this sense, ultimate load o f plates is not sufficient and a knowledge 
o f the behaviour of the plate for the entire loading is important for 
analysing grillage failure. One means o f doing this is to describe the 
behaviour of the plating by stress-strain or load-shortening curves.
Curves o f this kind, based upon numerical analyses and experimental 
results presented in references [28], [30], are reproduced here in Figs. 1.1 
and 1.2. These curves show that the post-buckling strength o f nearly 
perfect plates with little residual stress and initial distortions with b/t > 
50, is categorized by a rapid reduction in load. For plates having a 
considerable residual stress and initial distortion and for nearly perfect 
plates with b/t < 40, little, if  any, load reduction occurs after maximum  
load.
In existing grillages which often contain heavy welding, the ultimate 
load w ill not normally be reached until the compressive strain is w ell 
beyond the yield strain ey. At this point extensive yield w ill normally 
occur in the stiffeners.
6 . 3 . 1  Interframe flexural buckling :
Collapse is a column failure by flexural buckling o f stiffeners and 
plating between transverse girders. This mode o f failure is characterised 
in two types:
(a) Plate induced failure (buckling towards the stiffener)
(b) Stiffener induced failure (buckling towards the plating)
In this kind o f behaviour the panel formed by the plate-stiffener
-113-
combination is assumed to behave like a beam-column and account taken 
of reduced plating stiffness and buckling is purely flexural.
The direction of buckling is often influenced by the direction of initial 
distortion o f the stiffeners. Initial distortion w ill norm ally induce 
buckling towards the stiffener. In a few cases, initial distortion may be 
oriented towards the plating inducing buckling towards this direction. 
Flexure o f the span towards the stiffener in one frame may induce 
buckling towards the plating in an adjacent span. This arises from 
structural continuity and carry-over moments.
Numerical analyses show that where buckling occurs towards the 
plating, the collapse load may be substantially less than where collapse 
occurs towards the stiffener. This is more pronounced in slender columns. 
Here is less difference where plating stiffness is reduced by residual 
stress and buckling effects.
Collapse is influenced by the magnitude and distribution o f residual 
stresses in stiffeners. The panel is affected strongly by the presence of  
compressive residual stresses in the plating.
Significant coupling may occur between adjacent spans, particularly in 
a structure with high interframe slenderness. In some cases, in spite of 
the upward (towards the stiffener) direction of initial deformation in both 
spans, upward buckling in one half span with large deformation may 
induce downward (towards the plating) buckling in the adjacent span and 
hence collapse at a load substantially less than that for upward buckling. 
More details in the subject can be found in ref. [30].
6 . 3 . 3  Stiffener trippings
This kind o f failure may occur in panels with torsionally weak 
stiffeners (Flat bars or narrow flanges) or stiffeners which are short 
relative to their depth. Lateral-torsional instability may also occur in 
connection with flexural buckling where flexure occurs away from the 
stiffener therefore inducing compression in the outstand. Elastic tripping
-114-
can be estim ated using folded-plate theory [30], [63] or fin ite elem ent  
methods. Faulkner [61] presented a linear elastic form ulation for flat and 
cy lin d rica l sh e ll e lem en ts and the report p ro v id es  an im proved  
understanding o f  lateral-torsional buckling and o f  interactive buckling  
effects  in the plating. W ith the advent o f  general non-linear fin ite  
elem ent analyses, it is now  possible to tackle inelastic tripping.
6 . 3 . 4  Overall grillage instability :
This kind o f  failure in vo lves bending o f  transverses as w e ll as 
longitudinal stiffeners. This type o f  failure is m ore likely  to occur in 
lightly stiffened panels.
Provided that lateral-torsional instability  and overall buckling are 
avoided, the inelastic interframe buckling w ill be the dominant collapse  
m ode in connection with longitudinal strength o f hull girders.
6 .4  Num erical procedure:
6 . 4 . 1  Introduction:
The num erical procedure presented here is sim ilar to the one in 
reference [28] but, for the tangential-strain curves accounting for the 
stability o f the com ponents, the m odelling presented in chapter 4 is used.
A  sim ple procedure based on cross-section m odelling is used to study 
the ultimate strength o f  a hull girder. In this approach the collapse o f  the
hull girder is due to failure o f  local structural elem ents rather than an
overall simultaneous instability. Thus, what is assum ed is that there is no 
significant interaction between various local failure m odes.
6 . 4 . 2  M odelling o f  the cross-section:
The cross-section is divided into elem ents defined by their geom etrical 
and m aterial properties . The approach is based on an increm ental 
iterative procedure.
The failure m odes considered are:
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( 1) Local plate buckling (beyond which the load-shortening 
behaviour often changes)
(2 ) Inter-frame flexural buckling of stiffened plates.
(3) Failure by yielding.
The cross-section is divided into relatively small elements defined by 
their area, distance from centroid o f the element to an axis (usually taken 
as the base o f the bottom flange), as illustrated in Fig. 6.1, and a code 
number related to a certain collapse mode or an effective tangential-strain 
curve.
The loading is uni-axial compression or tension due to vertical bending 
moment o f the box girder.
6 . 4 . 3  Incremental procedure:
In order to follow  the moment-curvature relationship, loading is applied 
incrementally in terms of the curvature ( 9 ) and the procedure follows the 
steps shown below:
1. Apply load incrementally in terms o f curvature Acf^
2. Elemental strains are then estimated using a linear beam theory and 
cumulative values are then estimated:
Ae . k = A(pk (Zi -ZNk) where (6.1)
Zi is the distance from element centroid to the base axis.
ZNk is the distance of theurrent neutralaxisof the cross-sectiorto the baseaxis.
3. Elemental stresses for each component are derived using the effective tangent 
modulus and cumulative values are then calculated:
A a ^ A  where Ekis the effective tangent modulus of the iA element.
<5t= ?.k-i+ A $  ( 6 .2 )
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The neutral axis of the cross section is calculated during each incremental loading and 
is used for the next incremental loading. Ignoring the local inertia of the components, 
the neutral axis is estimated as follows: 
i=NE
  <6-3 >
X EikAi
i=l
The instantaneous rigidity of the cross section (E I)^  is calculated from the equation: 
i=NE i=NE
( E D H k ^ i k A i ^ r ^ Z E i k A i  (6 .4 )
i =1 i=l
(4) Incremental moments are estimated, and cumulative values are then derived:
AMk = (EI)HkA(pk
Mk = Mkl + AMk (6 .5)
‘pk= *pk-i+ A <pk 
6 . 5 Results and comparison:
6 . 5 . 1  Correlation with test results :
6 . 5 . 1 . 1  Models of Dowling et al:
Two m odels, numbers 2 and 4, tested by Dowling et al [56], [57] at 
Imperial College, were chosen for comparison. The models failed by 
flexural buckling of the stiffened panels in the compression flange.
Model 2 :
In the present analysis, model 2 was discretised, as shown in Fig. 6.2. 
Dimensions and material parameters are listed in Table 6.1. Hard comers 
formed by the intersection o f side shell deck and side shell bottom were 
assum ed to have an elastic-perfectly  p lastic  relationship during 
compression and tension. Curves representing the stiffened panels were 
derived using the present m odelling, and those for plate panels were 
derived using the same approach for a value o f  0.4 for the colum n
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slenderness. Load-shortening curves representing components o f the box- 
girder are shown in Fig. 6.3.
Results obtained using the present approach in the sagging condition, 
together with experimental results, are shown in Fig. 6 .3 . G ood  
agreement can be seen with test results.
Model 4 :
M odel 4 has the same overall dimensions as model 2, but with closer 
stiffening. Dimensions and material parameters are listed in Table 6.1. 
The subdivision of the cross-section into elemental areas is shown in Fig. 
6 .2 .
The experimental results, and those obtained applying the present 
approach, together with the load-shortening curves o f the components, are 
shown in Fig. 6.4. The results show good agreement.
6 . 5 . 1 . 2 Models of Reckling:
T w o o f the models tested at the Technical University o f Berlin by 
Reckling [58] were selected for comparison.
Collapse of model 23 occurred by buckling of the plate panel between  
longitudinal stiffeners in the deck. M odel 31 is characterised by an early 
buckling of the deck panels. However, as noted by Reckling, the collapse 
was delayed by the restraining effect o f the side walls.
Model 23:
Dimensions and material parameters are listed in Table 6.2 and the 
subdivision of the cross-section into elemental areas is shown in Fig. 6.5. 
Results for the moment-curvature relationship, together with the test 
results and load-shortening curves for the components, are illustrated in 
Fig. 6 .6 . The results derived using the present approach show  a 
reasonable agreement with the test results.
Model 31:
The descretisation o f the model into small elements is shown in Fig. 6 . 5 .
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Dimensions and material parameters are summarised in Table 6.2. The 
predicted results for the ultimate moment and the strength o f the 
components forming part o f the cross-section of the model, together with 
test results, are illustrated in Fig. 6.7. The results give a good correlation 
with those presented from the test.
6 . 5 . 2  Correlation with numerical results:
6 . 5 . 2 . 1 ARE results:
In reference [28], the ultimate strength o f a destroyer type vessel is 
evaluated. For the strength of the components, the authors used load- 
shortening curves derived using the finite elem ent program [28]. The 
analysis was conducted for two frame spacings (L=1000 mm and 2000 mm) to 
show the close correlation that exists between the hull girder failure and 
that o f their components. An attempt is made to compare the results 
derived using the present method and that presented in reference [28]. The 
cross section of the destroyer with the subdivision into elements is shown
in Fig. 6 . 8  and dimensions o f the components are also presented. All
elements have a yield stress o f 325 N/mm 2 and a Young's modulus of 
207000 N/m m 2. An average magnitude o f residual stress and initial 
distortion was considered and a stiffener initial distortion A0 /L = 0.0013 was 
assumed. The method shows that failure occurs by buckling o f the 
stiffened panels in the deck under sagging loading. As seen in Fig. 6.9, 
doubling the frame spacing lead to a reduction in ultimate moment of 30% 
in the sagging condition and 2 0 % in the hogging condition, and the 
moment-curvature pattern reveals a close correlation w ith the load- 
shortening curves o f the components forming part o f the upper flange or 
the bottom flange. The maximum moment occurs at or soon after failure 
in the deck or bottom components. Results also indicate that the 
assumption made for the "hard comers" may give rise to a difference in 
the results, as illustrated in Fig. 6.10, where hard comers were considered 
to be half effective, during the sagging condition. The results then
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decrease by 5 and 1% for the frame spacing L=2000 mm and 1000 mm 
respectively. During hogging loading the results then, decrease by 4.3 
and 3% for the frame spacing L=2000 mm and 1000 mm respectively.
In general, the present approach provides good agreement with ARE 
results concerning the ultimate moment, a mean error having a value of 
-5.4% and a standard deviation of 3.8%, the highest error (-10.4%) was 
experienced for the sagging condition at the frame spacing L= 2 0 0 0  mm, 
which is due to the difference in the maximum strength o f panels forming 
part o f the deck for the the two predicted values (0 .79 and 0.74). The 
discrepancy, however, in the post-ultimate strength is more pronounced, 
particularly at the lower frame spacing, this is due to the differences in 
the post-ultimate strength of the components between the two methods 
(illustrated in Figs. 6.10.b and 6.10.c).
6 . 5 . 2 . 2  USAS finite element program results :
The method is applied to a cross-section o f a tanker [53]. USAS [53] is 
a non-linear finite elem ent program able to m odel a three-dimensional 
structure and analyse the dynamic response o f the structure. The vessel 
has full longitudinal framing. The longitudinal girders were treated as 
beams with bi-linear representation for the average stress-strain being 
assumed. The stiffened panels consisted of longitudinal stiffeners and an 
effective width o f plating which were treated as a beam -column (the 
analysis involves only the plating and the longitudinals and not the heavy 
transverses).
The cross-section o f the tanker is presented in Fig. 6.11 and the results 
are illustrated in Fig. 6.12. The value o f MU/MP derived using USAS is
0.98 for the sagging condition and the value o f M u/Mp derived using the 
present approach is 0.96 which shows a good agreement.
The results show the high effectiveness o f the structure where the 
column slenderness varies in the range (0.9 to 2.4) for stocky panels.
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Code number related to a 
defined collapse model
Hard comer




a x i s
7n Distance from The neutral axis of the cross-section to the base axis. 
Zj Distance from element centroid to the base axis.
Figure 6.1 Hull girder subdivision into elements
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Model 2 Model 4
1. Compression flange 
Plate thickness (mm)
Stiffener spacing (mm)
Plate yield stress (N/mir2 ) 2 










Stiffener yield stress (N/mm ) 2 












Plate yield stress (N/mm2 ) 2 










Stiffener yield stress (N/mn2 ) 
Stiffener Young's modulus(N/mm )
"L" 50.8*4.76 
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Experimental ultimate moment 
(kN.m)
1542.7 2212.4











0.2 Dowling Result 
Modelling Result
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Stress-strain curves for elements of the cross-section 
Figure 6.3 Model 2 of Dowling et al
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Model 23 Model 31
1. Compression flange 
Plate thickness (mm)
Stiffener spacing (mm)
Plate yield stress (N/mn2 )
Plate Young's modulus (N/mm 2)
Stiffener dimensions (mm)
Stiffener yield stress (N/mn2 ) 2 




















Plate yield stress (N/mn2 )
Plate Young's modulus (N/mm2 )
Stiffener dimensions (mm)
Stiffener yield stress (N/mn2 ) 




















Plate yield stress (N/mn2 )
Plate Young's modulus (N/mm 2 )
Stiffener dimensions (mm)
2
Stiffener yield stress (N/mn. ) 2 




















Experimental ultimate moment 
(KN.m)
249.37 215.9
TABLE 6.2 Models 23 and 31 of Reckling
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Stress-strain curves for elements o f the box girder
Figure 6.6 Model 23 o f Reckling
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Stress-strain curves for elements of the box girder
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A : Hard comers fully effective 
B : Hard comers’half effective--0.6
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Curvature 10
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1- Frame spacing= 1000 mm.
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A : Hard comers fully effective 
B : Hard comers kalf effective
0 2 .7
Curvature 10
2- Frame spacing=2000 mm.
Figure 6.9 Moment-curvature curves for a destroyer cross-section
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Figure 6.10.C Stress-strain curves for elements
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7.1 General discussion and future work:
The aim o f the research work outlined in this thesis has been to 
develop a simplified design approach for the evaluation o f strength o f  
longitudinally stiffened panels under compressive loading. Maximum  
load capacity and post-buckling strength are included. The approach was 
carried out using a parametric analysis with the aid o f a finite element 
computer program.
A review o f the strength of unstiffened and stiffened panels has been 
presented relating to work done in carrying out such analysis and to test 
results.
Parameters found to have a significant influence on the behaviour o f  
stiffened plate panel under compressive loads were, plate slenderness, 
column slenderness, plate residual stress and initial distortions. O f less 
significance were stiffener to plate area ratio and stiffener residual stress.
The present simplified analytical approach for deriving the ultimate 
strength o f stiffened panels subjected to uni-axial compression and for 
accounting for a number o f geometrical and material parameters effects, 
including post-ultimate strength, shows a reasonable correlation with test 
results and rigorous numerical techniques. The importance of the method 
lies in its sim plicity to incorporate in a program analysing the ultimate 
strength o f a box girder.
The effect o f initial distortion and residual stress is restricted to three 
magnitudes (as explained in paragraphs 3.2.3 and 4.4.3) and the adoption 
o f one o f these in design level will allow these effects to be incorporated 
in a more general approach.
It has been noticed (paragraph 3.2.4) that the assumptions o f the 
applied load follow ing the shifting o f the neutral axis and that o f  not
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follow ing the shift gives rise to considerable differences in the results. 
This perhaps suggests the need for more tests in order to recommend the 
more realistic approach. Meanwhile, adopting the shifting neutral axis 
approach is recommended.
It has been noticed from the series o f the parametric analysis (chapter 
3) that stiffener to plate area ratio has a slight effect on the maximum  
strength which increases with the increase of stiffener to plate area ratio. 
The effect, however, is very pronounced on post-buckling strength. An 
increase in the stiffener to plate area ratio improves the load carrying 
capacity, which is more dominant for low and moderate values o f plate 
slenderness. The stiffened panel behaviour path in the unloading range 
changes from a sudden sharp pattern to a less severe and gradual process. 
A  realistic representation o f such behaviour requires the m odelling to 
include the stiffener to plate area ratio.
It has also been noticed that more complete modelling should take into 
account all parameters governing the strength and covering the entire 
loading range. Panels in the unloading range behave differently in a non­
linear and complicated pattern and, in order to achieve a more accurate 
representation o f such behaviour the m odelling may need more than the 
present two state m odelling for the unloading path. Nevertheless such 
modelling has recently [67] proved valuable for system strength modelling 
in TLPs. The present investigation has also been restricted to low and 
high values o f column slenderness.
Achieving an optimum o f simplicity and accuracy in a design approach 
is a state-of-the-art in itself, and an accurate representation o f the 
buckling o f stiffened panels in a simple way is still a difficult task. In 
spite o f  the reasonable accuracy o f the present method, its procedure 
needs to be further improved and sim plified , yet it should retain a 
reasonable degree o f accuracy for design purposes.
From the numerical analysis, non-dimensional design curves have been 
produced which enable the ultimate load to be determined for various
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levels o f panel parameters.
Using the proposed modelling, some hull girder configurations have 
been analysed to determine the moment-curvature relationship. The 
results show high correlation that exists between hull failure and that of  
the elements forming part of the compression or the tension flange, as 
w ell as the post-ultimate strength. Longitudinally framed vessels show a 
relatively high residual strength in regard o f these of the components.
The work presented here identifies some areas where further studies 
may advantageously be pursued. These are:
(a) Failure of panels by tripping of the stiffener and coupling o f  
tripping and flexural buckling and the need for more tests and numerical 
investigation covering the lateral stiffener buckling with interaction from 
plate instability effects.
(b) Effect of eccentricity of the applied loading on the strength o f  
stiffened panels. This parameter remains an unknown quantity in tests 
and a small change in the position of the applied loading can influence the 
direction of buckling.
(c) A  design approach must account for residual stresses and initial 
distortions. In this connection, a survey o f initial distortions and 
measurement of residual stresses during the process o f welding is needed 
in order to adopt reasonable tolerances during design. In particular the 
use o f the present combined parameter requires examining for larger 
values [68].
(d) During any future tests, grillages of various number o f bays should 
be tested in a realistic approach to the behaviour o f actual marine 
structures by accounting for the interaction o f one span with another.
(e) The assumptions made for the hard comers in box girders, and the 
need for full scale tests on collapse o f box girders to determine the 
effective area o f hard comers which resist buckling. The elements formed 
by the intersection o f decks and side shell, bottom with side shell or 
bulkheads with decks or bottom are termed as "hard comers", and are
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generally assum ed to be stiff enough to resist buckling. Using the 
numerical approach for deriving the strength o f the box girder, the 
m odelling o f these elements can strongly affect the maximum strength of 
the hull girder. In an extremely flexible design [51] such hard comers 
provided most o f the longitudinal strength.
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